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Frequently used abbreviations 
AD axial diffusivity 
ALIC anterior limb of the internal capsule  
CC corpus callosum 
CING dorsal cingulum 
DTI diffusion tensor imaging 
FA fractional anisotropy  
FSL FIRST FMRIB’s Integrated Registration Segmentation Toolkit 
GEN genu of the corpus callosum  
ISO isofrequency ratios 
MPRAGE magnetization prepared rapid gradient-echo  
MRI magnetic resonance imaging 
MTI magnetization transfer imaging  
MTR magnetization transfer ratio 
N-ISO non-isofrequency ratios 
OA older adults 
RD  radial diffusivity 
ROI(s) region(s) of interest 
RT reaction time  
SCR superior corona radiata 
SE standard error  
SLF superior longitudinal fasciculus 
SPLE splenium of the corpus callosum 
SS sagittal stratum 
TIV total intracranial volume  
UNC uncinate fasciculus 
YA young adults
  
GENERAL INTRODUCTION 
9 
GENERAL INTRODUCTION 
  
GENERAL INTRODUCTION 
10 
  
GENERAL INTRODUCTION 
11 
It is a well-known phenomenon that the world population is aging significantly. In other 
words, older adults are accounting for an increased proportion of the total population. 
Globally, the number of older adults (i.e., 60 years or older) is expected to more than 
double towards 2050. Maybe even more striking is that by 2047, the number of older 
adults is projected to exceed the number of children (i.e., 15 years or younger) for the 
first time (United Nations, 2013). Consequently, this aging of the population leads to an 
increase in both absolute and relative number of older adults. Moreover, because many 
of these older adults gradually encounter difficulties with the execution of their daily 
tasks, more and more assistance is needed. This has major social and economic 
consequences. First, it has consequences for society which is not able to keep up with 
this increasing demand for assistance. Additionally, from the older adults’ point of view, 
their loss of independence may lead to decreased quality of life. Therefore, interventions 
are required to promote a prolonged independent functioning of older adults. 
Before we can develop these interventions to secure the independence of older 
adults, we need a better understanding of the mechanisms underlying behavioral 
declines with aging. However, these mechanisms are multifactorial and thus very 
complex. A basic premise is that age-related behavioral declines are associated with 
structural and functional changes in the brain (Seidler, et al., 2010). With regard to brain 
structure, aging has so far mainly been associated with structural declines in both gray 
and white matter. With regard to brain function however, aging seems to be associated 
with decreases as well as increases in brain activation. It is not yet fully understood how 
these structural and functional alterations interact.  
In our Movement Control and Neuroplasticity Research Group (KU Leuven), a 
long-term line of research has been the investigation of age-related declines in bimanual 
coordination and in task switching performance (i.e., the ability to switch flexibly 
between tasks). Among other skills crucial for daily functioning, these are two skills that 
have been shown to be sensitive to age-related deterioration (for reviews, see Bangert, 
et al., 2010; Wasylyshyn, et al., 2011). Whereas our research was originally embedded 
in the behavioral sciences, we gradually embraced magnetic resonance imaging (MRI) 
techniques to investigate the complex relations between brain and behavior. In the 
current thesis, we will employ some new MRI techniques to investigate the contribution 
of structural brain changes to age-related bimanual (Part 1) and task switching (Part 2) 
declines. Although we chose to focus on the contribution of brain structural alterations, 
the complete picture of the aging brain is far more complex. It is characterized by for 
example changes in activation patterns, in functional connectivity, in neurotransmitter 
levels, in gene expression, in metabolic functionality and many more. Obviously, 
covering all these topics in an attempt to explain impaired behavioral output is beyond 
the scope of any thesis. Nonetheless, it is anticipated that our results will contribute to 
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the understanding of the neural basis of some of the behavioral changes observed in 
older adults, and the aging brain in general.  
The present introduction will start by providing some background into the 
neuroimaging techniques that are used in the current thesis to assess brain structure, and 
the effects of aging on these measures. This is not intended to be exhaustive. We will 
then shift to an introduction of bimanual coordination and subsequently task switching. 
For both skills, we first discuss the effect of aging on performance. Next, we elaborate 
on the general neural control of these skills, along with the (loci of) age-related neural 
changes that have been related to performance declines. Finally, we conclude with a 
brief overview of all chapters. 
Magnetic resonance imaging techniques to assess brain structure 
Magnetic resonance imaging is a non-invasive medical imaging technique that uses 
strong magnetic fields and radio waves to produce images of the body. Using different 
techniques, MR images can be obtained that emphasize specific tissue properties. 
Accordingly, anatomical MR images of the brain emphasize the contrast between the 
different brain tissues. Very roughly, these different brain tissues can be divided into 
gray matter, white matter, and cerebrospinal fluid. 
Gray matter contains most of the brain's neuronal cell bodies where information 
is processed. That is, information coded as neural signal undergoes transformation 
through transmission between and within networks of cells. These cells are distributed 
at the surface of the cerebral cortex and the cerebellum, as well as subcortically. Based 
on the structure and organization of cells, it was already subdivided in different regions 
by Brodmann in 1909. Since then, different regions have been related closely to diverse 
functions. To study gray matter properties such as concentration and volume, T1-
weighted sequences are frequently used (see Box 1).  
Brain white matter on the other hand is crucial for the communication between 
(sometimes broadly distributed) brain areas, and between the brain and the rest of the 
body. It appears white, because it consists of bundles of nerve fibers comprising axons 
that are surrounded by white myelin sheaths. These myelin sheaths provide mechanical 
and biochemical support, and additionally act as an electrical insulator to increase the 
speed of transmission of nerve signals. Hence, myelin is crucial for rapid and efficient 
transfer of information (Alexander, et al., 2011; Fields, 2008). Although there is to date 
no technique available which enables the direct imaging of white matter integrity or 
myelin content, recent progress in MRI techniques has enabled the characterization of 
specific white matter properties. In the current thesis, we use two recent MRI techniques  
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Box 1. T1 magnetization prepared rapid gradient-echo 
The T1 magnetization prepared rapid gradient-echo 
(MPRAGE) sequence offers good contrast between 
fat- and water-containing tissues. It is one of the 
basic MRI sequences and it is often used to study 
anatomic detail or to check for anatomical 
abnormalities in the brain. This technique exploits 
the fact that the time to recover from magnetization, 
by releasing the obtained energy back into the 
surrounding lattice (i.e., longitudinal relaxation), 
differs between tissues, which creates contrast. This 
enables identification and differentiation of tissues. For water-containing tissues, 
longitudinal relaxation takes relatively long, which results in low signal and thus dark 
(black) appearance on a T1-weighted scan. In contrast, for fat-containing tissues this 
relaxation goes relatively fast, which results in high signal and thus bright (white) 
appearance. 
 
to characterize white matter structure: diffusion tensor imaging (DTI), which is used to 
assess white matter microstructural organization, and magnetization transfer imaging 
(MTI), which offers an indication of the degree of white matter myelination (see Box 
2).  
Age-related changes in brain structure 
By means of postmortem and MRI investigations, age-related degenerative changes in 
both gray and white matter brain structures, going hand in hand with enlargement of the 
ventricles and widening of the sulci, have been observed (Giorgio, et al., 2010). 
Converging evidence indicates that although some neuronal loss or cell death can be 
observed with increasing age, this it is of much smaller significance than previously 
suggested. Alternatively, age-related degenerative changes are more likely to represent 
small, region-specific changes in the morphology of neurons, such as declines in 
dendritic branching and spine density (Burke and Barnes, 2006).  
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Box 2. Diffusion tensor imaging and Magnetization transfer imaging 
 
 
 
 
 
a 
 
 
 
 
 
b 
  
Diffusion tensor imaging (DTI, left side of Figure a) enables insight into white matter 
microstructural organization by quantifying the directionality and rate of diffusion of 
water within tissue. The most frequently used DTI measure is fractional anisotropy 
(FA), indicating the degree to which water diffusion is directionally restricted (Basser 
and Pierpaoli 1996; Tournier et al. 2011). This degree of restriction is influenced by 
various microstructural tissue properties, such as fiber diameter, density, and degree 
of myelination (Beaulieu, 2002; Jones, et al., 2013). FA values can vary between 0 
and 1, with values closer to 1 reflecting more restriction and thus ‘more’ organized 
tissues. Additionally, diffusion is characterized by three extra DTI diffusivity 
measures: mean diffusivity (MD), representing the average magnitude of diffusion 
within a voxel, axial diffusivity (AD), representing diffusivity along the main 
direction of the white matter tract, and radial diffusivity (RD), representing diffusion 
perpendicular to this main direction. Important to note, on top of microstructural 
properties, also fiber architecture influences DTI derived measures. Therefore, when 
interpreting these measures in terms of specific underlying microstructural properties, 
the underlying anatomy should always be taken into account. Figure b (image courtesy 
of Explore DTI) shows an image of white matter tracts throughout the brain as 
obtained by DTI (anterior view), color coded according to their main diffusion 
direction: red indicates left-right, green indicates anterior-posterior, and blue indicates 
superior-inferior. 
Magnetization transfer imaging (MTI, right side of Figure a) on the other hand enables 
the estimation of the macromolecular content within tissues, associated with 
myelinated axons (Wolff and Balaban, 1989). Concretely, during MTI, fast exchange 
of magnetization from the macromolecule-bound protons to the free water protons in 
the tissue leads to partial saturation of the latter, which causes a reduction in the MR 
signal (Alexander, et al., 2011). The more macromolecules in the tissue, the more 
signal reduction. The magnetization transfer ratio (MTR) describes this signal 
reduction, and is expressed as a ratio where 0 represents no signal reduction and 1 
represents total signal reduction due to magnetization transfer. Accordingly, high 
MTR values are associated with high concentrations of macromolecules.  
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With respect to age-related brain gray matter changes, it is a long-established fact 
that aging is associated with cortical volumetric declines. This gray matter loss already 
starts from late childhood, appears to be continuous, and some local areas even show 
accelerated loss after the age of 60 years (Good, et al., 2001; Pfefferbaum, et al., 2013). 
More recently, increasing age has also been associated with widespread subcortical gray 
matter atrophy (Pfefferbaum, et al., 2013; Walhovd, et al., 2011). The mechanisms 
behind this age-related gray matter volume loss are still not fully understood. However, 
one proposed mechanism is the shrinkage of large neurons (Peters, et al., 1998). 
Also brain white matter volume loss with aging has frequently been reported, 
starting around middle adulthood (i.e., around 40 years; Ge, et al., 2002a; Giorgio, et 
al., 2010). In addition to these age-related white matter macrostructural changes, which 
can be observed using conventional MRI such as T1- or T2-weighted sequences, DTI 
enables investigation of changes on a microstructural level. Using DTI, widespread 
changes in white matter microstructure have been observed starting around the transition 
from young to middle adulthood (i.e., around 30 years; Giorgio, et al., 2010; Salat, et 
al., 2005), and thus slightly preceding white matter volume loss. These microstructural 
changes are often interpreted as white matter deterioration, although drawing such 
conclusions about the underlying mechanisms remains challenging due to the indirect 
measurement that DTI represents. Nevertheless, by evaluating multiple DTI-derived 
measures such as fractional anisotropy (FA), axial diffusivity (AD), and radial 
diffusivity (RD), some authors claim that it is possible to determine distinct patterns of 
white matter deterioration, which might reflect different underlying mechanisms (e.g., 
Burzynska, et al., 2010). Some primary mechanisms that have been suggested to 
contribute to age-related white matter degeneration are alterations in myelin 
configuration (including demyelination), the degeneration of axons, and the increase of 
glial cells (Meier-Ruge, et al., 1992; Tang, et al., 1997). Of these different mechanisms, 
demyelination is often suggested to be the primary dimension of age-related white 
matter declines (Madden, et al., 2012). Studies using MTI complement these findings 
by potentially capturing changes in myelination more directly. However, whereas 
several studies show widespread age-related declines in magnetization transfer ratio 
(MTR) values starting around middle adulthood (e.g., Ge, et al., 2002b; Silver, et al., 
1997; Tanabe, et al., 1997), suggestive of demyelination, other studies report no such 
age effects (Armstrong, et al., 2004; Benedetti, et al., 2006). The relations between 
increasing age, MTR and myelin thus remain to be further clarified.  
Important to note, it is not yet completely understood how and why different parts 
of the brain are differently affected by age-related degenerative changes. Nonetheless, a 
general anterior-posterior gradient of aging is rather consistently reported for both gray 
and white matter changes. This trend indicates that age-related white and gray matter 
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changes have an earlier onset for anterior regions compared with posterior regions 
(Good, et al., 2001; Pfefferbaum, et al., 2013; Sullivan, et al., 2010). As many functions 
critically depend on frontal lobe functioning, this probably contributes to many of the 
behavioral declines observed during aging, particularly during performance of executive 
tasks such as task switching.  
Additionally, how age-related gray and white matter changes are related remains 
poorly understood. Gray matter volume loss seems to occur first (around late childhood), 
followed by microstructural white matter changes (around the transition from young to 
middle adulthood) and white matter volume loss (around middle adulthood). Although 
starting later in life, the rate of white matter atrophy seems to be fast in comparison with 
gray matter atrophy (Ge, et al., 2002a; Giorgio, et al., 2010). Even though it remains 
unknown whether these gray and white matter changes are interdependent, we 
tentatively speculate that gray matter degeneration to some degree may affect white 
matter based on the order of changes in time. A possible explanation for this would be 
the ‘use it or lose it’ hypothesis (Salthouse, 2006): if information processing in certain 
regions is reduced because of gray matter atrophy, information transfer via the white 
matter tracts connecting these regions might also decrease. This could potentially lead 
to alterations in white matter, i.e., reduced volume and/or microstructural organization. 
However, this mechanism could also work the other way around: changes in white 
matter could affect use of gray matter, and thereby induce gray matter alterations. It is 
clear that longitudinal research, whereby actual changes can be assessed within 
participants, is required to gain more insight. Also, highly sensitive measures are 
required to determine the temporal order of the gray and white matter decline.  
To sum up, although the effects of aging on brain structure and the underlying 
mechanisms are not yet completely understood, it is clear that both gray and white matter 
undergo age-related changes. What remains unclear is the impact of these age-related 
changes on behavioral performance. Therefore, the purpose of the current thesis is to 
investigate whether specific age-related structural brain changes can account for specific 
behavioral declines with increasing age, i.e., deterioration of bimanual (Part 1) and task 
switching (Part 2) performance. 
Part 1: Bimanual coordination 
Many bimanual movements, such as tying your shoe laces or washing your hands, are 
generally perceived as requiring little effort. However, even during these simple 
bimanual tasks, both hands have to follow distinct spatiotemporal patterns that might 
show no symmetry, but nonetheless have to be highly coordinated to reach their 
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common goal. Hence, the apparent simplicity of bimanual movements obscures the 
underlying complexity of the continuous between-hand coordination which is 
ubiquitous for successful performance.  
When coordination patterns are simple and performed at comfortable speed, this 
between-hand coordination seems to go rather automatic, and is relatively preserved in 
older adults. However, prominent age differences are observed during bimanual 
coordination tasks with a higher level of difficulty. For example, this is the case when 
clinical bimanual coordination tasks have to be performed at high speed, which results 
in slower movement execution in older as compared with young adults (e.g., Desrosiers, 
et al., 1999). Other examples of bimanual tasks showing age-related declines in 
performance (by means of slower execution or lower accuracy) are complex 
coordination tasks, such as anti-phase coordination tasks (i.e., requiring simulaneous 
activation of non-homologous muscles; Serrien, et al., 2000b), intermittent circle 
drawing tasks (i.e., requiring distinct pauses between repetitions; Summers, et al., 2010) 
or asynchronous intermanual timing tasks (i.e., requiring a between-hand lag; Fling, et 
al., 2011). 
Neural control of bimanual coordination 
The neural control of bimanual coordination relies on a distributed network of brain 
regions. Initially, research mainly focused on cortical regions and reported the primary 
motor cortex, primary sensory cortex, premotor cortex, and particularly cingulate and 
supplementary motor areas as part of the basic bimanual network required for the 
planning, preparation and execution of bimanual movements (for reviews see Cardoso 
de Oliveira, 2002; Swinnen and Wenderoth, 2004). Additionally, activation of parietal 
and temporal cortices has been reported with more complex bimanual tasks that require 
higher-order visual or auditory processing (Hardwick, et al., 2013; Swinnen and 
Wenderoth, 2004). Moreover, during motor tasks with higher cognitive demands, 
prefrontal activation becomes increasingly important (Miller and Cohen, 2001). Finally, 
the observation that patients with subcortical impairments (such as patients with 
subcortical lesions, with Parkinson’s disease, or with Huntington’s disease) all 
experience difficulties with bimanual performance (Brown, et al., 1993; Serrien, et al., 
2000a; Spencer, et al., 2003), has led to the suggestion that subcortical structures are 
also important for bimanual coordination. Indeed, this was confirmed by studies 
observing activation in the cerebellum, basal ganglia and thalamus during bimanual 
tasks as a function of certain task characteristics (Debaere, et al., 2004; Puttemans, et 
al., 2005). 
In addition to cortical and subcortical processing, white matter pathways 
connecting the different regions involved during bimanual coordination are crucial for 
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bimanual performance. Exchange of information between areas in both hemispheres of 
the brain primarily occurs via the corpus callosum (CC). This is the largest white matter 
tract in the brain, connecting mostly homotopic but also heterotopic cortical regions 
(Jarbo, et al., 2012). Principal evidence for a role of the CC in bimanual coordination 
came from studies in patients who underwent partial or complete surgical callosotomy, 
which showed that interruption of CC fibers affected coordination between the hands 
directly (Berlucchi, 2012; Gazzaniga, 2005). With the advent of DTI, it additionally 
became clear that alterations in microstructural properties of the CC are associated with 
variation in bimanual performance in different age groups, but also in patient groups 
(for a review, see Gooijers and Swinnen, 2014).  
Neural mechanisms of age-related deficits in bimanual coordination 
Recent aging studies have shown that older adults show regional patterns of higher 
activation as compared with young adults during interlimb coordination tasks (Goble, et 
al., 2010; Heitger, et al., 2013; Heuninckx, et al., 2008; Van Impe, et al., 2009). In 
general, higher activation can either be explained by recruitment of additional resources 
enhancing performance, which is interpreted as compensatory recruitment, or 
alternatively, by inefficient neural recruitment, which is interpreted as dedifferentiation 
(Reuter-Lorenz and Cappell, 2008). These altered patterns of activation in older adults 
are not only observed in typical motor regions, but also in higher-level sensorimotor 
regions and in frontal regions. Additionally, functional connectivity between these areas 
seems to be altered in older adults (Heitger, et al., 2013; Kiyama, et al., 2014), which 
suggests a change in information processing within the motor network. One potential 
mechanism behind the altered activation patterns observed in some areas in older adults, 
is age-related decline in the white matter pathways that connect these areas in the left 
and right hemisphere, i.e., the CC. Indeed, previous studies showed that CC 
microstructure changes with aging, and that these changes are related to bimanual 
declines in older adults (Gooijers and Swinnen, 2014).  
Because the CC exhibits diversity in structure and function, with different 
subregions conveying specific types of information, we were interested in exploring 
whether structural alterations in these different subregions are associated with age-
related performance deficits on different bimanual tasks. This question is addressed in 
Chapter 1, where we use DTI to investigate microstructural properties of functionally 
distinct subregions of the CC in young and older adults, and investigate whether these 
distinct subregions are differently related to performance on a set of clinical and 
instrumented bimanual tasks (see Figure 1). This set consisted of four complementary 
bimanual tasks that were chosen because they emphasize partly different sensorimotor 
GENERAL INTRODUCTION 
19 
functions, and because we expected them to enable the observation of age-related 
performance declines.  
 
Fig. 1 Set of bimanual tasks. (a) The Purdue Pegboard Test is a commonly used 
clinical measure of fine finger manipulation speed relying on fast visual processing to 
precisely regulate finger movements. The test consists of manipulating a maximum 
number of small pins in two vertical columns with pin holes on a board, within a 30-sec 
time period (Desrosiers, et al., 1995). (b) The finger tapping task assesses simultaneous 
and alternating finger tapping speed. It is used to test basic motor speed with limited 
accuracy requirements. (c) The choice reaction time task assesses bimanual reaction 
speed. Besides having a motor speed component, choice reaction time paradigms show 
sensitivity to deficits in response inhibition, selection, preparation and generation 
(Smith, 1968). (d) The bimanual visuomotor task requires participants to rotate two dials 
in order to track a target dot on a screen. It enables the evaluation of complex bimanual 
coordination accuracy, relying on online control of movement 
In addition to changes in cortical activation patterns, interlimb coordination in 
older adults has previously been characterized by subcortical underactivation (Coxon, 
et al., 2010; Van Impe, et al., 2009). The underlying mechanisms of this subcortical 
underactivation are not yet clear. One hypothesis is that age-related atrophy in 
subcortical structures constrains their function. Interestingly, subcortical structures can 
be parcellated into functionally distinct subregions, based on their connections with 
specific cortical regions (Behrens, et al., 2003; Zhang, et al., 2010): they receive input 
from the cortex via cortico-striatal connections, and project back to the cortex through 
thalamo-cortical pathways (Alexander, et al., 1986; Hoover and Strick, 1993). As such, 
local atrophy within a specific subcortical structure may contribute to altered cortico-
subcortical communication and thereby declines in specific skills.  
In Chapter 2, we investigate whether age-related subcortical atrophy contributes 
to the bimanual declines observed with aging. The Purdue Pegboard Test (Figure 1a) 
was chosen to assess bimanual performance, because its reliability and validity has been 
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widely studied and is generally considered to be strong (Desrosiers, et al., 1995). To 
evaluate age-related volume changes, we employed the recently developed FMRIB’s 
Integrated Registration Segmentation Toolkit (FSL FIRST, see Box 3). This toolkit 
enables automatic segmentation of subcortical structures from T1 images, which can be 
used to assess global volume changes in these structures, as well as subregional volume 
changes, which represent local atrophy or expansion (Patenaude, et al., 2011). As such, 
shape analyses enabled the investigation of our hypothesis that subcortical local atrophy 
of regions connected with cortical areas involved in motor coordination accounts for 
age-related bimanual performance declines.  
Part 2: Task switching 
In our daily functioning, we have to deal with a constant stream of incoming stimuli. 
Flexibly dealing with this incoming information is essential for successful behavior. For 
example, when we are driving a car, we have to be able to maintain focus on this main 
task without being distracted by each stimulus (e.g., cyclists passing our car). However, 
when a different response to a stimulus is suddenly more appropriate (e.g., when one of 
these cyclists suddenly appears in front of the car), we have to show behavioral 
flexibility to rapidly switch from ongoing processes (driving and passively monitoring 
the surroundings) to this new response (stopping the car). This skill is called task 
switching. 
Task switching relies on various processes to support mental flexibility and to 
control goal-directed behavior. The coordination of these different processes poses high 
demands on the executive control system (Funahashi, 2001). However, aging is strongly 
associated with an impaired ability to upregulate this executive control, which entails 
that older adults generally show deterioration of task switching performance 
(Wasylyshyn, et al., 2011). In this second part of the current thesis, we aim to gain more 
insight in the mechanisms underlying these age-related task switching declines, again 
by focusing on the contribution of structural brain changes. 
To evaluate task switching, we used a computerized task switching paradigm, 
i.e., the local-global switching task. There were four possible target stimuli, which 
consisted of a ‘global’ square or rectangle, composed of much smaller ‘local’ squares or 
rectangles, as shown in Figure 2a. On each trial, one target stimulus was presented in 
the center of the display screen. The task included two ‘single task’ blocks and one 
‘switching’ block. In the two single task blocks, participants had to perform one task: 
repeatedly identifying the shape of the global target stimulus (‘global’ trials, example 
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Box 3. FMRIB’s Integrated Registration Segmentation Toolkit 
 
 
 
 
 
 
a 
 
 
 
 
 
 
b 
  
The recently developed FMRIB’s Integrated Registration Segmentation Toolkit (FSL 
FIRST, Patenaude, et al., 2011) enables automatic segmentation from T1 images of 
15 different subcortical structures. An example segmentation of thalamus, caudate, 
putamen and pallidum is shown in Figure a (only left side shown here; A = anterior, 
P = posterior). The subcortical structures were modeled from a training set of 336 
manually labeled anatomical images, which comprised both normal and pathological 
brains from individuals aged 9 to 87 years. The model was built by fitting deformable 
meshes to the training labels, which consist of sets of vertices that are connected by 
edges and are topologically equivalent to a tessellated sphere (i.e., no overlap and no 
gaps). For illustrative purposes, a simplified example of the putamen modeled by a 
deformable mesh is shown in Figure b. When performing the segmentations, FSL 
FIRST incorporates both intra- and interstructural variability. Moreover, the posterior 
probability of the shape of the subcortical structures is maximized by searching 
through linear combinations of shape modes of variation given the observed 
intensities in the anatomical image.  
The output of the automatic segmentation can be used to look for differences between 
groups in global volume or in shape of each subcortical structure. Global volume 
differences are indicative of atrophy or expansion, but do not indicate where in the 
structure these changes occur. Shape analyses on the other hand allow for accurate 
and robust localization of volumetric changes. Shape analyses can reveal inward 
deformations, indicative of local volume decreases (subregional atrophy), and/or 
outward deformations, indicative of local volume increases (subregional expansion). 
By using the deformable meshes approach, shape analyses are based directly on the 
location of the structures’ boundaries, and thus enable purely local volumetric 
analyses. As such, shape analyses have the potential to be more sensitive to local 
volumetric changes as compared to more conventional methods that typically depend 
on tissue-type classification or smoothing. 
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shown in Figure 2b), or repeatedly identifying the shape of the smaller local figures 
(‘local’ trials, example shown in Figure 2c). In the switching block, the task alternated 
every other trial, i.e., two ‘global’ trials, followed by two ‘local’ trials, etc. This order 
gave rise to task-repetition trials and switch trials within the switching block.  
 
Fig. 2 Local-global switching task. (a) The four possible target stimuli consist of a 
‘global’ square or rectangle, composed of much smaller ‘local’ squares or rectangles. 
Presentation of the target stimulus is preceded by a prime cue, which indicates whether 
participants have to identify the shape of the global figure (b), or of the (small) local 
figures (c). Participants are instructed to answer as fast as possible, without sacrificing 
accuracy, by pressing ‘1’ for squares, or ‘2’ for rectangles 
During both single task and switching blocks, task sets are needed to accomplish 
the task. A task set can be defined as ‘a collection of control settings or task parameters 
that program the system to perform processes such as stimulus identification, response 
selection, and response execution’ (Logan and Gordon, 2001). During the local-global 
task, this basically means knowing what to do in case of global or local trials, and what 
the associated stimulus response mappings are (e.g., depending on the task, ‘1’ has to 
be pressed on the keyboard for a global square, or for local squares). During the single 
task blocks, only one task set is needed. However, during the switching block, multiple 
task sets have to actively be maintained in working memory (Rogers and Monsell, 
1995). Moreover, on each trial of the switching block, current task goals (i.e., does the 
shape of the global figure or of the local figures needs to be identified?) need to be 
determined to enable selection of the relevant task set. As mentioned above, the 
coordination of these different processes poses high demands on the executive control 
system, and therefore performance costs (slower and more error-prone responses) can 
generally be expected during switching blocks (Jersild, 1927).  
The research literature shows that two types of task switching performance costs, 
namely the mixing cost and the switch cost, are differentially affected by aging. Mixing 
cost refers to the increase in reaction times (or errors) in switching blocks as compared 
with single task blocks. We were especially interested in these mixing costs, as extensive 
literature shows that they increase during aging (for a review, see Wasylyshyn, et al., 
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2011). On the other hand, switch cost refers to the increase in reaction times (or errors) 
on task-switch as compared with task-repetition trials (thus, within the switching block). 
During aging, this switch cost seems to remain relatively constant (Wasylyshyn, et al., 
2011). Being able to calculate both these types of performance costs is a crucial 
advantage of our local-global task switching paradigm.  
Neural control of task switching 
Task switching paradigms activate a distributed neural network because they pose high 
demands on executive control. First, it is well-established that executive functions 
depend on frontal lobe functioning. In the context of task switching specifically, several 
regions in the frontal cortex play different roles (Dosenbach, et al., 2006; Hikosaka and 
Isoda, 2010). Especially the lateral prefrontal cortex and the presupplementary motor 
area seem consistently activated during switching trials. The lateral prefrontal cortex is 
crucial for processing task related rules, i.e., the retrieval, maintenance and 
implementation of rules (Crone, et al., 2006; Hikosaka and Isoda, 2010). The 
presupplementary motor area suppresses prepotent (wrong) responses, and facilitates 
alternative (correct) responses (Hikosaka and Isoda, 2010; Rushworth, et al., 2002). 
However, the frontal cortex does not act in isolation. Extensive research has shown that 
a distributed frontoparietal network of brain regions is activated during task switching 
(for a review, see Kim, et al., 2012), in order to bias attention to the selection of task-
relevant information (Banich, et al., 2000). Finally, the striatum and subthalamic nucleus 
of the basal ganglia are thought to have a selective gating function, which comprises 
selecting and ‘releasing the brakes’ on the appropriate action plan (via the thalamus) 
among multiple competing plans offered by the frontal cortex (Dosenbach, et al., 2006; 
Frank and Badre, 2012; Hikosaka and Isoda, 2010).  
Multiple regions have thus been shown to interact closely for successful action 
selection during task switching. It is therefore not surprising that impaired inter-regional 
communication, resulting in altered functional engagement of these regions, has been 
associated with switching performance deficits (Jilka, et al., 2014; Leunissen, et al., 
2013). It thus seems that, on top of optimal functioning of the key regions during task 
switching, smooth information transfer via white matter tracts connecting these regions 
is also crucial for successful performance. Although multiple studies have investigated 
the relation between properties of specific white matter connections and task switching 
performance in different populations using DTI, it came to our attention that a 
comprehensive perspective is lacking. One reason is that the term ‘task switching’ is 
used for many different tasks, with varying features. Another reason is that different 
outcome scores are being used to quantify switching performance. The specific task or 
outcome score being used is likely to impact upon the relations that are found with white 
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matter connections because of the different behavioral functions involved. Therefore, 
we start the second part of our thesis with a literature overview of the DTI studies 
previously reporting about the role of specific white matter connections in task 
switching (Chapter 3), in which we try to address these concerns. Based on the 
assumption that studies conducted within different populations might offer 
complementary information on these brain-behavior relations, we included studies from 
childhood to older adults, and within different patient groups. 
Neural mechanisms of age-related deficits in task switching performance 
Because task switching is an executive function, highly depending on frontal lobe 
functioning, many studies investigated age-related changes in frontal activation during 
task switching. Accordingly, Zhu, et al. (2014) previously reported increase in activation 
of the dorsolateral prefrontal cortex in older adults. However, reduced ability in older 
adults (as compared with young adults) to increase activation of the anterior and lateral 
prefrontal cortex during switching blocks has also been observed and related to 
increased mixing costs (DiGirolamo, et al., 2001; Jimura and Braver, 2010). Further, 
Coxon, et al. (2010) investigated both cortical and subcortical changes in activation in 
older adults during task switching, and found increased activation in the dorsolateral 
prefrontal cortex, in combination with reduced basal ganglia function. Although it is not 
yet completely understood how brain activation during switching tasks changes with 
aging, it appears from the aforementioned evidence that older adults adopt different 
brain dynamics. It is possible that age-related alterations in the white matter tracts 
interconnecting these cortical and subcortical structures regions affect their functioning. 
More specifically, because changes in myelination are known to alter conduction speed 
(Fields, 2008), it may be that age-related changes in myelination of essential white 
matter connections affect task switching behavior. Therefore, deterioration of white 
matter tracts may play a key role in the frequently observed slowing of switching 
behavior in older adults.  
This hypothesis is investigated in Chapter 4, where we make use of MRI 
measures that are proposed to be sensitive to myelin changes, i.e., RD (obtained using 
DTI), and MTR (obtained using MTI), to investigate whether age-related alterations in 
these measures in specific white matter connections explain slowing of (local-global) 
task switching performance in older adults. Selection of the white matter connections of 
interest was based on their connections with (sub)cortical regions shown to be involved 
during task switching as described above. As conflicting results regarding the relation 
between increasing age and MTR have been reported, an additional aim of this chapter 
is to clarify this relation in the selection of white matter pathways.  
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Aims & outline  
The objective of this thesis is to further understand the role of specific brain structural 
alterations in bimanual coordination (Part 1) and task switching (Part 2) performance 
declines during healthy aging. It is anticipated that the current thesis will contribute to 
our understanding of behavioral declines associated with healthy aging, by identifying 
biomarkers of brain aging that underlie these behavioral declines. The scanning and 
behavioral measurements for this thesis were combined into one single protocol, which 
allowed for a time-efficient data acquisition. An overview of the participants per chapter 
is provided in Table 1. Note that the ‘excluded participants’ in the last column represent 
participants that met the general inclusion criteria, but were excluded for a particular 
chapter because of issues with their imaging or behavioral data. These issues are 
specified between the brackets.  
Part 1: Bimanual coordination 
Different regions of the CC convey specific types of information. Accordingly, the CC 
can be divided in functionally distinct subregions. In Chapter 1, we use DTI in young 
and older adults to explore the relations between age-related changes in microstructural 
properties of 7 functionally distinct CC subregions (prefrontal, premotor, primary 
motor, primary sensory, parietal, temporal and occipital), and performance declines on 
a set of bimanual tasks.  
Research question Chapter 1: are structural properties of functionally distinct 
callosal pathways associated with age-related performance deficits on different 
bimanual motor tasks, relying on distinct sensorimotor functions? 
In addition to white matter changes, also gray matter changes have previously 
been shown to contribute to age-related bimanual declines. However, previous research 
has been largely limited to the study of cortical gray matter. In Chapter 2, we focus on 
the contribution of subcortical gray matter structural alteration in age-related bimanual 
performance declines. Because this has not been studied before, we use participants 
across the adult lifespan for this study such that we can offer a detailed overview of age-
related global and in particular subregional volumetric changes in multiple subcortical 
structures, and furthermore delineate their role in sensorimotor performance declines.  
Research question Chapter 2: does local atrophy of subcortical regions, 
connected with cortical regions involved in motor coordination, account for age-
related bimanual performance declines? 
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Table 1. Overview of the participants included in the experimental chapters of this thesis. 
Note: YA: young adults; OA: older adults; N: number of participants; F: female, M: 
male, DTI: diffusion tensor imaging; T1: structural image; MTI: magnetization transfer 
imaging 
Part 2: Task switching 
In the second part of this thesis we are interested in the neural mechanisms of age-related 
task switching performance declines. Because it came to our attention that a 
comprehensive perspective on what is already known about the relation between 
microstructural properties of specific white matter connections and task switching 
performance was lacking, we start this second part with a review (Chapter 3). An 
overview of the studies investigating these relations in different age and patient groups 
is provided, followed by a synthesis of the complementary results found in these 
different populations. 
Research question Chapter 3: are specific white matter connections consistently 
reported to be related with task switching performance?  
In Chapter 4, we are specifically interested in the contribution of white matter 
alterations to age-related task switching declines that appear prominent in the aging 
population. Moreover, it is questioned whether the pathways that are found to be related 
to age-related performance declines in this experimental study correspond to those that 
have been related to performance across different samples, as described in Chapter 3. 
Here, a combination of DTI and MTI in young and older adults is used to assess white 
matter alterations.  
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Research question Chapter 4: do age-related differences in white matter 
structure contribute to slowing of task switching performance in older adults?  
In the final chapter (General discussion), we summarize and discuss the main 
findings of this thesis, and propose some future directions and challenges.  
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Abstract 
Age-related changes in the microstructural organization of the corpus callosum (CC) 
may explain declines in bimanual motor performance associated with normal aging. We 
used diffusion tensor imaging in young (n=33) and older (n=33) adults to investigate the 
microstructural organization of 7 specific CC subregions (prefrontal, premotor, primary 
motor, primary sensory, parietal, temporal and occipital). A set of bimanual tasks was 
used to assess various aspects of bimanual motor functioning: the Purdue Pegboard Test, 
simultaneous and alternating finger tapping, a choice reaction time test and a complex 
visuomotor tracking task. The older adults showed age-related deficits on all measures 
of bimanual motor performance. Correlation analyses within the older group showed 
that white matter fractional anisotropy of the CC occipital region was associated with 
bimanual fine manipulation skills (Purdue Pegboard Test), whereas better performance 
on the other bimanual tasks was related to higher fractional anisotropy in the more 
anterior premotor, primary motor and primary sensory CC subregions. Such associations 
were less prominent in the younger group. Our findings suggest that structural 
alterations of subregional callosal fibers may account for bimanual motor declines in 
normal aging.  
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Introduction 
Healthy aging is generally associated with declines in bimanual motor behavior. Since 
coordinated hand movements are essential in many daily life activities, these changes in 
bimanual functioning could menace functional independence in elderly. Previous 
studies found that the execution of bimanual movements slows down as a result of aging 
(Bernard and Seidler, 2012; Desrosiers, et al., 1999; Fling and Seidler, 2012; 
Marneweck, et al., 2011; Sullivan, et al., 2001). Other studies looked at age-related 
differences in synchronization between the hands during bimanual coordination 
(Bangert, et al., 2010; Fling, et al., 2011b; Serrien, et al., 2000; Summers, et al., 2010; 
Swinnen, et al., 1998; Wishart, et al., 2000). This work revealed that older adults were 
often able to match the performance of young adults during relatively easy coordination 
patterns, whereas prominent age differences in performance emerged during more 
complex coordination patterns requiring effortful processing. 
Declines in bimanual motor performance may be caused by multiple processes 
that occur during aging. For instance, the structure of muscles gradually changes during 
aging, leading to loss of muscle mass and strength in elderly (Doherty, 2003; 
Goodpaster, et al., 2006; Hairi, et al., 2010; Harris, 1997). Age-related declines in 
sensory acuity and in neural integration of visual (Leibowitz, et al., 1980) and 
proprioceptive feedback (Adamo, et al., 2007; Cole and Rotella, 2001; Goble, et al., 
2009; Stelmach and Sirica, 1986) might additionally compromise bimanual motor 
performance. Furthermore, bimanual movements rely on interactions between the 
hands, and therefore require exchange of information between both hemispheres of the 
brain. The primary interhemispheric connection is the corpus callosum (CC). The CC is 
the largest white matter tract in the brain, connecting mostly homotopic but also 
heterotopic cortical regions (Jarbo, et al., 2012). Multiple studies in patients who 
underwent partial or complete surgical callosotomy have shown that interruption of 
fibers in a specific CC section leads to specific bilateral synchronization deficits 
(Berlucchi, 2012; Gazzaniga, 2005). The current work seeks to determine whether age-
related changes in microstructural organization of the CC account for bimanual 
performance in older adults. 
Diffusion tensor imaging (DTI) is a non-invasive magnetic resonance technique 
that enables insight into age-related degenerative changes in white matter brain tissue 
such as the CC. It provides a quantitative assessment of white matter microstructural 
organization by quantifying the directionality and rate of diffusion of water within 
tissue. The most frequently used DTI measure is fractional anisotropy (FA), indicating 
the degree to which water diffusion is directionally restricted (Basser and Pierpaoli, 
1996; Tournier, et al., 2011). Additionally, the conjoint analysis of axial diffusivity (AD) 
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and radial diffusivity (RD) shows potential to distinguish between diffusivity patterns 
with different relations to cellular mechanisms of white matter deterioration. AD is 
assumed to contribute information regarding the integrity of axons or changes in extra-
axonal or extracellular space, whereas RD may be selectively sensitive to myelin 
damage or glial cell morphology (Beaulieu and Allen, 1994; Song, et al., 2003; Song, et 
al., 2002; Sun, et al., 2007; Sun, et al., 2006). Previous studies looking at age-related 
differences in AD and RD suggest that differences in RD are more prominent than AD 
differences, tentatively suggesting a predominantly myelin-specific effect in aging 
(Bhagat and Beaulieu, 2004; Davis, et al., 2009; Lebel, et al., 2012; Madden, et al., 2009; 
Sala, et al., 2012; Zhang, et al., 2010).  
We know from previous DTI studies that microstructural properties of the CC 
can be linked to performance on a variety of bimanual tasks in healthy young adults 
(Fling, et al., 2011b; Gooijers, et al., 2013; Johansen-Berg, et al., 2007; Muetzel, et al., 
2008; Sisti, et al., 2012), patients with multiple sclerosis (Bonzano, et al., 2008), and 
patients with traumatic brain injury (Caeyenberghs, et al., 2011). In the context of aging 
however, to the best of our knowledge only two studies have investigated the link 
between CC microstructure and bimanual performance. Fling et al. (2011b) investigated 
the association between performance on bimanual tapping tasks and CC microstructure. 
They found that in the older adults group, higher FA values within the subregion 
connecting somatosensory cortices was related to better performance on an 
asynchronous out-of-phase bimanual tapping task. Additionally, in a sample spanning 
the adult age range (age range = 20-81 years), Sullivan et al. (2001) found a relationship 
between FA of the splenium of the CC and speed of alternating finger tapping. However, 
it remains unclear whether structural properties of distinct callosal pathways are 
associated with age-related performance deficits on different bimanual motor tasks, 
relying on distinct sensorimotor functions. The present study addressed this issue by 
exploring relations between microstructural properties of functionally distinct 
subregions of the CC, and performance on a battery of bimanual tasks in 33 young and 
33 older adults. 
Four complementary tasks were selected to assess bimanual motor functioning, 
with all tasks thought to be susceptible to age-related decline and emphasizing partly 
different sensorimotor functions. First, the Purdue Pegboard Test served as a commonly 
used clinical measure of fine finger manipulation speed. Secondly, the finger tapping 
task was used to assess simultaneous and alternating finger tapping speed. Whereas both 
tasks comprise a motor speed component, exploratory principal component analyses 
previously showed that they load high on different factors (Takser, et al., 2002; 
Voineskos, et al., 2012). Specifically, the Purdue Pegboard Test requires fast visual 
processing to precisely regulate finger movements, whereas finger tapping depends 
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more on basic motor speed with limited accuracy requirements. Thirdly, a choice 
reaction time task was used to assess bimanual reaction speed. Besides having a motor 
speed component, choice reaction time paradigms show sensitivity to deficits in 
response selection, preparation and generation (Smith, 1968). The fourth task was a new 
visuomotor task, involving complex bimanual coordination patterns relying on 
intermanual interactions. Rather than focusing on speed of execution as the above-
mentioned tasks do, we used the latter task to evaluate accuracy of visually-guided 
bimanual coordination, represented by tracking accuracy. Based on previous studies, we 
expected that the older adults would show performance deficits compared with the 
young adults on all four tasks (Bangert, et al., 2010; Bernard and Seidler, 2012; Davis, 
et al., 2009; Desrosiers, et al., 1999; Fling and Seidler, 2012; Fling, et al., 2011b; 
Langan, et al., 2010; Madden, et al., 2004; Marneweck, et al., 2011; Porciatti, et al., 
1999; Salthouse and Czaja, 2000; Sullivan, et al., 2001; Summers, et al., 2010; Swinnen, 
et al., 1998; Voineskos, et al., 2012; Wishart, et al., 2000; Zahr, et al., 2009). 
Our second aim was to compare the white matter microstructural organization of 
7 functionally distinct subregions of the CC in the young and older adults using DTI. 
Accordingly, we subdivided the CC along its anteroposterior axis (Hofer and Frahm, 
2006; Huang, et al., 2005), with the subregions based on their fiber tracts projecting into 
specific cortical areas, including the (1) prefrontal areas, (2) premotor (and 
supplementary motor) areas, (3) primary motor areas, (4) primary sensory areas, (5) 
parietal, (6) temporal, and (7) occipital areas. Employing this classification, previous 
work of our group has already revealed relations between microstructural organization 
of specific CC subregions and performance on different bimanual motor tasks in healthy 
young adults (Gooijers, et al., 2013) and in patients with traumatic brain injury 
(Caeyenberghs, et al., 2011).  
The ultimate goal of this study was to investigate the pattern of relationships 
between localized and anatomically specific white matter microstructural organization 
according to the 7 subregions of the CC, and performance on multiple bimanual motor 
tasks, emphasizing partly different sensorimotor functions, and susceptible to age-
related decline. To the best of our knowledge, we are the first to investigate the 
specificity of the relationships between all callosal substructures and bimanual 
performance by employing a battery of bimanual tasks in young and older adults, 
thereby enabling a thorough examination of the neural correlates of the bimanual 
performance declines associated with aging. 
THE CC AND BIMANUAL COORDINATION IN OLDER ADULTS: A DTI STUDY 
43 
Materials and Methods 
Participants 
After withholding 5 individuals (1 young and 4 older participants) showing artifacts on 
their DTI scan that prevented a reliable analysis, 33 young adults (YA, mean ± SD age 
= 25.40 ± 4.66 years) and 33 older adults (OA, 69.33 ± 5.56 years) were included in the 
study. Both groups included 17 females and 16 males. All participants were right-
handed, as verified by the Edinburgh Handedness Inventory (laterality quotient (mean 
± SD): YA: 89 ± 15.12; OA: 94.09 ± 12.9) (Oldfield, 1971), and had normal or corrected 
to normal vision. None of the subjects reported a history of neurological or psychiatric 
disorders. The Montreal Cognitive Assessment scale was used to screen the OA for mild 
cognitive dysfunction (Nasreddine, et al., 2005). All of the OA scored within normal 
limits (≥ 26). Prior to giving written consent, all subjects received a full explanation of 
the experimental procedures. The study received approval from the local Ethics 
Committee for biomedical research, and was performed in accordance with the 1964 
Declaration of Helsinki. 
Data acquisition 
Bimanual tests 
Assessment of bimanual motor behavior was achieved using both clinical and 
instrumented measures. The clinical measure was the Purdue Pegboard Test. The 
instrumented measures included speeded finger tapping, a choice reaction time test, and 
a visuomotor task. Outlier detection was performed by transforming all the data per test 
and per group separately into z-scores. A trial was considered an outlier when the 
absolute value of z was above 3. 
Purdue Pegboard Test 
The Purdue Pegboard Test (Lafayette instrument company, USA) is a clinical measure 
of fine finger manipulation speed relying on fast visual processing. The test consists of 
manipulating a maximum number of small pins in two vertical columns with pin holes 
on a board, within a 30-sec time period (Desrosiers, et al., 1995; Tiffin and Asher, 1948). 
Previous studies have tested its reliability (Buddenberg and Davis, 2000), including one 
study showing excellent reliability (reliability coefficient of .81) in participants aged 60 
and over (Desrosiers, et al., 1995). The test was performed three times with both hands 
simultaneously. Before starting, the participants were allowed to practice with 3 or 4 
pairs of pins. The dependent variable was the average number of pairs inserted during 
the three trials, with a high score indicating good performance. 
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Finger tapping test 
The finger tapping test is frequently used in studies assessing bimanual motor speed 
(Muetzel, et al., 2008; Njiokiktjien, et al., 1997; Pelletier, et al., 1993; Serrien, et al., 
2002; Sullivan, et al., 2001). In our study, participants had to use the left and right index 
finger to tap two response buttons on a keyboard (Dell SK-8135) as fast as possible 
within a 10-sec time period. They were comfortably seated at a table in front of a 
computer monitor, with lower arms and wrists resting on the table. Two different finger 
tapping tasks were administered once: (1) tapping simultaneously with the left and right 
index finger, evaluating in-phase bimanual speed and (2) alternating between tapping 
with the left and right index finger, evaluating anti-phase bimanual speed. The test was 
programmed in Hypertext Preprocessor (PHP) 5 and jQuery 1.3 and presented with 
FireFox on a XAMPP 1.7.3 server. 
MATLAB R2008a (Mathworks, Natick, MA) was used to analyze the finger 
tapping scores, being the sum of correct taps. For simultaneous finger tapping, two taps 
were considered correct when the intertap interval between the left and right index finger 
was below 100 msec. For alternating finger tapping, two taps were considered correct 
when the left and right taps were alternated, accordingly the same button could only be 
tapped twice if the other button was pressed in between.  
Choice reaction time test 
Choice reaction time tests are used to evaluate response selection, preparation and 
movement generation speed (Anstey, et al., 2007; Smith, 1968; Snodgras.Jg, et al., 1967; 
Tuch, et al., 2005). In this study, participants were seated with both hands and feet 
resting on tablets with capacitive proximity switches (Pepperl & Fuchs CBN5-F46-E2, 
sampling rate 1ms). Four white squares were presented on the screen. The top left and 
right square represented the left and right hand, respectively. The bottom left and right 
square represented the left and right foot, respectively. Participants were instructed to 
keep their hands and feet resting on the tablets, until 1 or maximum 2 squares on the 
screen turned blue. Upon this visual stimulus, participants had to lift the corresponding 
limb(s) as fast as possible, releasing the contact with the tablet. Participants were 
instructed to respond as quickly as possible without sacrificing accuracy. There was a 
random interval ranging from 1 to 3 seconds between trials, starting from the moment 
that the participant performed the correct coordination pattern. Ten different limb 
combinations were administered in a pseudorandom order with each possible 
combination occurring 3 times, resulting in a block of 30 trials. For each trial, the choice 
reaction time was obtained by calculating the time interval between the onset of the 
visual stimulus and the time at which the participant performed the correct coordination 
pattern. Only the condition in which participants had to lift both hands simultaneously 
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is reported here (Figure 1a). The dependent variable was the average of the reaction 
times during the 3 trials of this bimanual condition. Programming and presentation of 
the task was done using LabView 8.5 (National Instruments, Austin, Texas, USA). 
 
Fig.1 Experimental setup. (a) Choice reaction time test. The condition in which 
participants had to lift both hands simultaneously is displayed on the computer screen. 
(b) Bimanual visuomotor task. Please note that during the experiment, both hands were 
covered with a horizontal table-top bench (c) Schematic representation of the bimanual 
visuomotor task. The 20 target pathways are represented: 4 different coordination 
patterns and 5 frequency ratios (3:1, 2:1, 1:1, 1:2, 1:3) between the left and right hand 
Bimanual visuomotor task 
The bimanual visuomotor task is a highly versatile computerized version of the ‘etch-a-
sketch’ device (for earlier versions, see Preilowski (1972) and Mueller et al. (2009)). 
The task enables the evaluation of bimanual coordination accuracy, relying on online 
control of complex bimanual patterns. The protocol was based on previous studies 
employing this task in healthy young participants (Gooijers, et al., 2013; Sisti, et al., 
2011; Sisti, et al., 2012). Participants were seated with both lower arms resting on two 
custom-made adjustable ramps. Direct vision of both hands and forearms was occluded 
by a horizontal table-top bench, placed over the forearms of the participant. At the end 
of the ramps, 8 cm below the plane of the ramp, a dial was mounted on a horizontal 
support consisting of a flat disc (diameter 5 cm) and a vertical peg. The dials could be 
rotated by holding each peg between the thumb and index finger (Figure 1b). High 
precision shaft encoders were aligned with the axis of rotation of the dials to record 
angular displacement (Avago Technologies, 4096 pulses per revolution, accuracy = 
.089°). Programming and presentation of this task was done using LabView 8.5. 
Each trial started with the presentation of a single blue target line with a distinct 
orientation. At the origin of this line, in the center of the display, a white target dot was 
presented for 2 seconds, after which it began to move along the target line, towards the 
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peripheral endpoint. The target dot moved at a constant rate and for a total duration of 
10 seconds, representing a distance of 162 arbitrary units. Participants were instructed 
to rotate both dials in order to track the white target dot. The two dials controlled 
movement of a red participant cursor, namely a dot with a 1 cm long tail, serving as 
online visual feedback of tracking performance. The gain per rotation of 360 degrees 
was set to 10 units. The left and right dial controlled the movement of the participant 
cursor along the vertical and horizontal axis, respectively. When the left hand dial was 
rotated to the right (clockwise), the cursor moved up; when turned to the left 
(counterclockwise), the cursor moved down. When the right hand dial was rotated to the 
right (clockwise), the cursor moved to the right; when rotated to the left 
(counterclockwise), the cursor moved to the left. An auditory stimulus was provided 
indicating the start and end of each trial. After each trial the screen turned black, 
regardless of the participant’s location on the screen, and the next target line would 
appear after an interval of 3 seconds. The goal of each trial was to match the red 
participant cursor with the white target dot in both space and time, keeping the deviation 
as small as possible. In other words, participants had to rotate the dials as accurately as 
possible, generating the correct direction and velocity.  
To generate the correct direction, four coordination patterns were introduced: two 
in which the left and right dial moved in the same direction, either clockwise or 
counterclockwise, and two in which the left and right dial moved towards or away from 
each other. The coordination patterns had to be performed at different relative velocities 
of the hands (frequency ratios), represented by the precise slope (angle) of the target 
line. We included five frequency ratios (using the convention of referring to the left hand 
first, and the right hand second): 3:1, 2:1, 1:1, 1:2, 1:3. For example, a 3:1 frequency 
ratio indicated that the left hand moved three times faster than the right hand. The 
combination of coordination patterns (4) and frequency ratios (5) resulted in 20 
experimental target pathways (Figure 1c). 
Four blocks of 6 minutes with 3 minutes rest in between were administered. A 
block consisted of 24 target lines (all 20 distinctive target lines plus the 1:1 frequency 
ratio repeated in all 4 coordination patterns), presented in a random order. Prior to data 
recording, participants were allowed to practice 12 lines, for a period of 3 minutes, to 
become familiar with the task variants. 
The data were analyzed using both LabView 8.5 software and MATLAB 
R2008a. The x- and y-positions of the target dot and the participant cursor were sampled 
at 100Hz. Target deviation per trial was calculated as a measure of accuracy, using the 
following multistep procedure: (a) Every 10 msec, the difference between the target 
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position and the participant position ( ) was calculated, using the Euclidean distance: 
 
where  and  refer to the position of the participant cursor on the x- and y- axis, 
respectively, and  and  correspond to the position of the target dot on the x- and y-
axis, respectively. (b) At the end of each trial, the average of these distances was 
computed and defined as the trial’s target deviation, expressed in units. A target 
deviation equal to 0 units would indicate that during the whole trial, the participant 
cursor was precisely on top of the target dot, representing a perfect performance. 
Accordingly, larger target deviation scores reflect poorer performance. Based on our 
previous work, we distinguished between the average target deviation of the trials with 
isofrequency ratios, with both hands moving at equal speeds (1:1 ratio), and of the trials 
with non-isofrequency ratios, requiring one hand to move faster than the other (3:1, 2:1, 
1:2 and 1:3 ratios). 
Image acquisition 
Imaging data were acquired on a Siemens 3T Magnetom Trio magnetic resonance 
imaging (MRI) scanner (Siemens, Erlangen, Germany) with a 12-channel matrix head 
coil, using a diffusion tensor imaging single-shot spin-echo sequence (repetition time = 
10700 msec; echo time = 82 msec; matrix = 96 × 96; 2.2 × 2.2 × 2.2 mm3 voxels; 60 
axial slices). Diffusion sensitizing gradients were applied at a b-value of 1000 
seconds/mm2, along 64 noncollinear directions. One b0 image with no diffusion 
weighting was acquired.  
A 3D magnetization prepared rapid gradient echo (MPRAGE) high resolution 
T1-weighted structural image (repetition time = 2300 msec; echo time = 2.98 msec; 1 x 
1 x 1.1 mm3 voxels; field of view = 240 x 256 mm²; 160 sagittal slices) was acquired to 
check for possible abnormalities in gray matter. 
Diffusion Tensor Imaging 
Processing 
DTI data were analyzed and processed with the same multi-step procedure as employed 
previously (Caeyenberghs, et al., 2011; Gooijers, et al., 2013; Sisti, et al., 2012): (a) The 
raw diffusion weighted data and the non-diffusion weighted image were loaded into 
ExploreDTI (Leemans, et al., 2009) and we looped through the separate diffusion 
weighted imaging volumes at a high frame rate to check for any obvious artifacts in the 
data, such as large signal dropouts and geometric distortions. We also toggled between 
the views of the first and last acquired diffusion weighted image to observe subtle 
d
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system drifts. Next, we inspected the images in different “orthogonal” views to check 
for any interslice and intravolume instabilities, and visualized various image maps 
(examples shown in Figure 2a – 2e) to check for any artifacts. Finally, we checked the 
residual map (as shown in Figure 2f), reflecting the difference between the modeled and 
the measured signal (Tournier, et al., 2011). With such a residuals map one can detect 
artifacts that are not always visible on the FA map or on the individual diffusion-
weighted images. The 33 young and 33 older participants included in this study showed 
satisfactory DTI data quality for further analysis. (b) The DTI data sets were corrected 
for subject motion and eddy current induced geometric distortions (Leemans and Jones, 
2009). In summary, the diffusion weighted images were realigned to the non-diffusion 
weighted image using an affine co-registration method based on mutual information 
with cubic interpolation to resample the images (Klein, et al., 2010). During this 
correction procedure, the b-matrix was adjusted for the rotational component of subject 
motion to ensure correct diffusion tensor estimates. (c) We re-inspected the data in three 
orthogonal planes in a loop format to ensure that the motion/distortion correction was 
performed correctly and that no additional artifacts were introduced into the data. (d) 
The diffusion tensor model was fitted to the data using the Levenberg–Marquardt non-
linear regression method (Marquardt, 1963). The diffusion measures FA, AD and RD 
were subsequently calculated as described previously by Basser and Pierpaoli (1996). 
FA values range from 0 to 1, where 0 represents maximal isotropic diffusion (i.e., equal 
amount of diffusion in all directions), or lack of directional organization, and 1 
represents maximal anisotropic diffusion (i.e., only movement parallel to the major axis 
of a white matter tract), and higher values reflecting ‘more’ organized tissues such as in 
white matter tracts. AD (the first eigenvalue) represents the diffusivity along the first 
eigenvector, which is assumed to lie parallel with the fiber pathways. RD (average of 
the second and third eigenvalues) assesses diffusion perpendicular to the main diffusion 
direction.  
Values of AD and RD are always positive, with the AD larger than the RD (for 
regions with FA > 0). (e) DTI data were transformed to MNI space to maximize 
uniformity in terms of inter-participant brain angulation. In doing so, the subregions of 
the CC in the subsequent fiber tractography analysis can be defined in a standardized 
way. An affine, and, subsequently, a high-dimensional non-affine DTI-based co-
registration technique were applied to obtain the final DTI data sets in MNI space 
(Leemans, et al., 2005; Van Hecke, et al., 2007). In the non-affine co-registration 
approach, the images are modeled as a viscous fluid, imposing a constraint on the local 
deformation field. During normalization, the Jacobian is constrained to reduce the 
chance of forcing the underlying brain structures in an anatomically non-plausible way. 
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Fig. 2 Inspection of the raw data. Axial view of a representative dataset of an older 
participant, before correction for subject motion and eddy current induced geometric 
distortions. (a) Non-diffusion weighted image. (b) Diffusion weighted image. (c) Mean 
diffusivity. (d) Color-coded fractional anisotropy. (e) Fractional anisotropy. (f) 
Diffusion tensor residual map (yellow = high residuals; red = low residuals) 
This viscous fluid model was optimized for aligning multiple diffusion tensor 
components and has been applied successfully in a wide range of applications, where 
adjusting for morphological inter-participant (and inter-group) differences is considered 
to be of paramount importance, including work on aging (Hsu, et al., 2010; Sage, et al., 
2009; Van Hecke, et al., 2010; Verhoeven, et al., 2010). Based on a recently developed 
simulation framework, the non-affine DTI-based co-registration method, in particular, 
has been shown to provide highly accurate registration results (Van Hecke, et al., 2009).  
Fiber tractography 
For each individual dataset, estimates of axonal projections of the CC were 
reconstructed using a deterministic streamline fiber tractography approach (Basser, et 
al., 2000). Fiber pathways were reconstructed by defining seed points distributed 
uniformly throughout the data at 3 mm isotropic resolution and by following the main 
diffusion direction (as defined by the principal eigenvector) until the fiber tract entered 
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a voxel with FA < 0.15 or made a high angular turn (angle > 40°), considered to be not 
anatomically plausible. The step size was set at 1 mm. The fiber tractography was 
performed within ExploreDTI (Leemans, et al., 2009). 
Parcellation of the CC 
We arrived at a parcellation of the CC by introducing subdivisions on the midsagittal 
plane according to the recently described paradigms by Hofer and Frahm (2006) and 
Huang et al. (2005). The subdivisions were manually defined on color-coded maps of 
the main diffusion direction within ExploreDTI (Leemans, et al., 2009) by the same 
operator, who was blinded to the group status of the subjects and the findings of the 
behavioral tests, and according to a priori determined rules that were followed carefully 
and consistently for each subject (Catani and Thiebaut de Schotten, 2008). A geometric 
partitioning scheme was used to define 7 callosal subregions based on specific 
arithmetic fractions of the maximum anterior and posterior points of the CC in the 
midsagittal plane, containing fibers projecting into prefrontal, premotor (and 
supplementary motor), primary motor, and primary sensory areas as well as into parietal, 
temporal, and occipital cortical areas.  
Definition of the subregions of the CC 
CC1 was the most anterior segment covering the first sixth of the CC and containing 
fibers projecting into the prefrontal cortices. CC2 comprised the remainder of the 
anterior half of the CC, containing fibers projecting to the premotor (and supplementary 
motor) cortices. CC3 was defined as the posterior half minus the posterior third, 
comprising fibers projecting into the primary motor cortex. CC4, representing the 
posterior one third minus posterior one fourth, referred to primary sensory fibers. The 
remaining part of the posterior half of the CC, the splenium, was further divided 
according to Huang’s scheme (2005) based on the fact that, unlike other segments, the 
splenium is occupied by 3 different populations of fibers that connect three different 
lobes of the brain. These included fibers connecting the parietal lobes (CC5), temporal 
lobes (CC6), and occipital lobes (CC7). The parietal subregion occupied 16% of the 
total CC, the temporal subregion 10% and the occipital subregion 6%. The resulting CC 
parcellations are shown in Figure 3a. 
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Fig. 3 The corpus callosum (CC) of a sample participant divided into seven 
subregions: prefrontal (yellow), premotor (red), primary motor (light blue), primary 
sensory (orange), parietal (dark blue), temporal (purple) and occipital (green). (a) All 
reconstructed callosal fibers comprising bundles projecting into the 7 subregions. (b) 
Midsagittal fiber bundle segments for each CC subregion, displayed on a T1 image. 
Mean values of fractional anisotropy, axial diffusivity and radial diffusivity were 
obtained from these midsagittal segments only 
Extraction of diffusion information 
In anatomical regions containing multiple fiber orientations, increased microstructural 
coherence of an individual fiber population can result in a decrease in the overall FA of 
that region (Basser and Pierpaoli, 1996; Tournier, et al., 2011; Wiegell, et al., 2000). 
Fibers diverging from the CC and projecting into different cortical areas, cross multiple 
other major pathways, e.g., superior longitudinal fasciculus, corticospinal tract, and 
corona radiata (Jeurissen, et al., 2013; Vos, et al., 2012). Because of these multiple 
crossings of fibers diverging from the CC, fiber tracking algorithms estimating the 
continuation of these tracts can fail (Dougherty, et al., 2005; Jarbo, et al., 2012; Lebel, 
et al., 2010; Wedeen, et al., 2008). In the midsagittal part of the CC however, a single 
and well-defined orientation may be assumed. Therefore, we obtained mean values of 
FA, AD and RD from the midsagittal segments only, rather than from the entire CC 
pathways, thereby trying to avoid data contamination originating from crossing fiber 
areas (or, more generally, partial volume effects), and fulfilling the assumption of the 
second-rank diffusion tensor model. The boundaries of these segments were defined at 
1 cm bilaterally from the midsagittal plane, as shown in Figure 3b. Using the fiber 
tractography approach, we could take full advantage of the orientation information that 
is captured in the diffusion data to derive the FA, AD and RD values (Cercignani, 2010). 
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In other words, we verified that the reconstructed trajectories corresponded with the 
expected pathway configuration of the CC architecture in that region. 
In summary, even though some recent studies have successfully tracked 
interhemispheric connections between homotopic sensorimotor areas, the current 
technique has the advantage that white matter microstructural organization of all CC 
subdivisions can be studied and that the problem of multiple fiber crossing is largely 
overcome. We believe these advantages weigh up to the potential limitations associated 
with a predefined geometrical subdivision and that progress in this field can be made by 
applying different approaches. 
Statistical analysis 
Unless otherwise stated, statistical analyses were done with the Statistical Package for 
the Social Sciences, version 19 (SPSS for Windows, 2010). An alpha level of 0.05 was 
used for statistical tests, where applicable correction for multiple comparisons was taken 
into account by adjusting the alpha level based on the number of comparisons according 
to the Bonferroni correction procedure (Olejnik, et al., 1997). Only results surviving 
Bonferroni correction, i.e. remaining significant at p < adjusted alpha level, are reported. 
Although all the tasks were used as indicators of bimanual motor functioning, the 
different tasks emphasize partly different sensorimotor functions. Therefore, we 
expected participants to show variation in performance across the tests. To ensure that 
the tasks yield different aspects of bimanual behavior, we conducted correlation 
analyses within both groups to explore the relationships between measures. 
Next, for the outcome measures of the Purdue Pegboard Test and the choice 
reaction time test, two-sample t-tests were performed comparing the YA with the OA 
group. Finger tapping scores on the simultaneous and alternating finger tapping task 
were subjected to a mixed model repeated measures analysis of variance (ANOVA) with 
between-subjects factor ‘group’ (YA versus OA) and the within-subjects factor ‘tapping 
condition’ (simultaneous versus alternating finger tapping). A mixed model repeated 
measures ANOVA was also conducted on the target deviation scores of the bimanual 
visuomotor task to test for effects of group (between-subjects factor: YA versus OA) 
and frequency ratio (within-subjects factor: isofrequency ratios (ISO) versus non-
isofrequency ratios (N-ISO)). 
Subsequently, a multivariate approach to mixed model repeated measures 
ANOVA was used to estimate microstructural differences among the 7 CC subregions. 
The between-subjects factor was group, enabling the comparison of YA versus OA, and 
the within-subjects factor was CC subregion with 7 levels. In addition, post-hoc planned 
comparisons were performed to examine between and within group differences using 
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independent and paired t-tests respectively. The dependent variables were FA, AD and 
RD.  
Finally, Pearson correlation coefficients were used in both groups to investigate 
the relations between the FA values of the 7 CC subregions, as a measure of white matter 
microstructure, and the different bimanual motor scores. Based on the results from 
previous DTI studies linking microstructural properties of the CC with bimanual 
performance, as described in the introduction, we expected higher FA values to be 
related to higher performance levels, and therefore applied directional, one-tailed 
Pearson correlation tests. For all significant relationships, we applied a Fisher r-to-Z 
transformation to compare the strength of correlations between age groups using 
Statistica, version 10 (StatSoft Inc., 2011). 
Results 
Bimanual motor behavior 
Based on inspection of the z-scores, no outliers were found for the Purdue Pegboard 
Test. For the finger tapping test, 1.51% (YA) and 3.03% (OA) of the data points was 
considered as outliers and removed from the analysis. For the choice reaction time test 
this was 3.03% (YA) and 6.06% (OA), for the visuomotor task 1.04% (YA) and 2.11% 
(OA). When a participant was excluded from a behavioral task, he/she was also excluded 
from the correlational analyses of that task with the DTI metrics. For the analyses 
comprising only DTI metrics, the entire sample was included. 
Correlation analyses were conducted to explore the relations between the 
different measures of bimanual performance. Within the young adults group, the 
correlation coefficients between the different measures (except for those that are 
variations of a single task) varied between .0 and .57; within the older adults group 
between .13 and .52. Not surprisingly, these results suggest that some variation in 
performance is shared across the tasks since the bimanual aspect is evident in all of 
them. However, a considerable amount of variance is also unique, and this justifies 
considering them as partially distinct variables. An overview of the correlation analyses 
within both groups can be found in Online Resource 1. 
Older adults performed significantly worse on all measures of bimanual motor 
behavior relative to the young adults. For the Purdue Pegboard Test, YA manipulated 
significantly (t(63) = 7.750, p < 0.001) more pegs (12.35 ± 0.25) than OA (9.59 ± 0.25). 
For the finger tapping test (Figure 4a), we observed significant main effects of the 
tapping condition (F(1,59) = 98.71, p < 0.001), with more taps during simultaneous 
finger tapping (93.45 taps ± 1.97) than during alternating finger tapping (73.23 taps ± 
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1.88), and of group (F(1,59) = 60.28, p < 0.001), with YA performing more taps (96.03 
taps ± 2.29) than OA (70.65 taps ± 2.33). Moreover, there was a significant interaction 
between condition and group (F(1,59) = 11.395, p < 0.001), indicating that the older 
adults performed disproportionally worse on the alternating versus the simultaneous 
finger tapping when compared to the young adults. Also on the choice reaction time test, 
the YA (657.50 msec ± 20.62) outperformed the OA (1072.59 msec ± 65.41) 
significantly (t(33.521) = -6.053, p < 0.001). Furthermore, mixed model repeated 
measures ANOVA on the data of the bimanual visuomotor task (Figure 4b) revealed a 
main effect of group (F(1,64) = 63.153, p < 0.001), indicating that the YA had lower 
target deviations (12.49 units ± 0.94) during this task (indicative of better performance) 
than the OA (30.64 units ± 1.43). In addition, there was a main effect of frequency ratio 
(F(1,64) = 81.807, p < 0.001), with better performance during isofrequency ratios (target 
deviation = 18.98 units ± 1.13) than during non-isofrequency ratios (24.15 units ± 1.23). 
There was no significant interaction effect between group and frequency ratio (F(1,64) 
= 1.548, ns). 
 
Fig. 4 Bimanual motor performance means ± standard error. (a) Number of taps on 
the simultaneous and alternating finger tapping test. (b) Target deviation on the 
isofrequency and non-isofrequency ratios of the visuomotor task, lower target deviations 
represent better performance. ***p < 0.001, for comparisons between the young and 
older adults 
Diffusion Tensor Imaging 
DTI measurements of the 7 subregions of the CC are summarized in Figure 5. 
Repeated-measures ANOVA revealed that FA differed among the 7 CC 
subregions (main effect of subregion, F(6,384) = 99.183, p < 0.001). Post hoc t-tests 
showed significantly higher FA values in the CC parietal and occipital regions compared 
with all other subregions within both the YA and the OA group (all p-values < 0.001). 
There was no significant main effect of group on FA (F(1,64) = 1.075, ns). However, a 
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significant group x subregion interaction was found (F(6,384) = 8.064, p < 0.001). Post 
hoc t-tests revealed that YA had significantly higher FA values compared with OA in 
the CC prefrontal region (p < 0.001). Additionally, in the CC primary motor region, YA 
showed significantly lower FA values than OA (p < 0.001). 
 
Fig. 5 Diffusion parameter means ± standard error as a function of age group and 
corpus callosum (CC) subregion. Results reported as being significant survived 
Bonferroni correction for 7 comparisons. ***p < 0.001, for comparisons between the 
young and older adults 
The AD, representing diffusivity along the principal diffusion direction, showed 
main effects of subregion (F(6,384) = 168.783, p < 0.001) and group (F(1,64) = 5.282, 
p < 0.05). For both groups, the lowest AD values were observed in the CC prefrontal, 
parietal and occipital regions. Specifically, the AD of the CC occipital region was 
significantly lower than in all other subregions in the YA group, and in all other 
subregions except for the prefrontal subregion in the OA group (all p-values < 0.001). 
The AD was significantly elevated in the OA group compared with the YA group in the 
CC temporal (p < 0.01) and occipital (p < 0.01) region (interaction group x subregion, 
F(6,384) = 3.307, p < 0.01). 
The RD, a measure of diffusivity perpendicular to the main fiber orientation, also 
showed a main effect of subregion (F(6,384) = 138.636, p < 0.001). RD values were 
significantly lower in the parietal and occipital subregions compared with the other 
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subregions in both groups (all p-values < 0.001). Furthermore, the RD was significantly 
higher in OA compared with YA (main effect of group, F(1,64) = 4.370, p < 0.05), but 
this effect varied with subregion (group x subregion interaction, F(6,384) = 8.499, p < 
0.001). Post hoc t-tests revealed that RD was significantly elevated in the OA versus the 
YA group in the CC prefrontal (p < 0.001) and temporal (p < 0.01) region, whereas YA 
showed elevated RD compared with OA in the CC primary motor region (p < 0.001). 
Consequently, it appears that the group differences in FA were primarily driven by the 
radial diffusivities. 
Relations between microstructural organization of the corpus callosum 
and bimanual motor behavior 
We performed Pearson correlation analyses within both groups to explore age-related 
associations between the FA values of the 7 CC substructures and performance on the 
different bimanual tests. An overview of the correlation analyses is shown in Table 1.  
Within the YA group, FA of the CC primary sensory region correlated with 
performance on both the ISO and the more difficult N-ISO frequency ratios of the 
visuomotor task (ISO: r = -.48, p < 0.01; N-ISO: r = -.45, p < 0.01). In other words, 
higher FA was associated with lower target deviations, indicative of a better tracking 
performance. No other significant correlations were found within the YA group. 
Within the OA group, a number of significant correlations were found as shown 
in Figures 6a – 6f. FA of the CC occipital region was associated with performance on 
the Purdue Pegboard Test (r = .44; p < 0.014), indicating that better fine bimanual 
manipulative dexterity is associated with higher FA values within the CC occipital 
region. Next, the outcome variable of the simultaneous finger tapping task showed a 
significant relation with FA of the CC premotor region (r = .45; p < 0.014). Hence, the 
number of performed finger taps with left and right index finger simultaneously was 
associated with higher white matter anisotropy in this subregion. FA values of the CC 
premotor (r = -.65; p < 0.001) and the primary sensory (r = -.47; p = 0.01) region were 
also significantly correlated with performance on the choice reaction time test. In other 
words, higher FA values in these subregions were associated with faster movements of 
the hands in reaction to a visual stimulus. Finally, FA of the CC primary motor region 
was related to performance on both the ISO and N-ISO frequency ratios of the 
visuomotor task (ISO: r = -.47; p < 0.01; N-ISO: r = -.50; p < 0.01).
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Table 1. Correlations between FA of the CC subregions and bimanual motor performance within the young and the older adults group. 
 
Note: FA, fractional anisotropy; CC, corpus callosum; ISO, isofrequency ratios; N-ISO, non-isofrequency ratios. Results reported as 
being significant survived Bonferroni correction for 7 comparisons. **. Correlation is significant at the 0.01 level (one-tailed); ***. 
Correlation is significant at the 0.001 level (one-tailed); † For these tasks, lower scores reflect better performance 
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Fig. 6 Plots indicating the relationships between fractional anisotropy (FA) of 
specific corpus callosum subregions and the bimanual motor task scores in young 
adults (YA, grey) and older adults (OA, black). Only correlations that were significant 
in the older adults group, surviving family-wise Bonferroni correction, are shown. †For 
these tasks, lower scores reflect better performance 
None of the significant brain-behavior relationships in the older adults were 
found in the young adults group, and vice versa. Comparing the strength of the 
correlations between age groups using Fisher r-to-Z transformation further showed 
significantly different correlation strengths in older and younger adults for the 
correlations between FA values of CC premotor region and performance on the 
simultaneous finger tapping task (p < 0.05), and performance on the choice reaction time 
task (p < 0.01). 
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Discussion 
In the present study, we used a set of tasks associated with bimanual motor behavior, 
tapping a range of sensorimotor functions. By subdividing the CC into 7 functionally 
distinct subregions, we subsequently provided a comprehensive view on location of age-
related differences in CC microstructural properties. Finally, relationships between 
measures of microstructural organization of the CC subregions (FA values) and 
performance on the different tasks were investigated and age-related correlation 
differences were assessed. Our results indicated that microstructural variation in 
particular subregions of the CC is associated with specific bimanual deficits in older 
adults.  
Group differences in bimanual motor behavior 
As expected, older adults showed compromised bimanual fine manipulation (Purdue 
Pegboard Test) and finger tapping speed, compared with the younger adults. 
Additionally, older adults showed longer reaction times on the choice reaction time test 
compared with the younger adults, indicating declines in response selection, preparation 
and generation speed. Finally, older adults showed large deficits in performance on the 
visuomotor task, with a group average target deviation more than twice as high as in the 
young adults group. This is consistent with previous literature, showing large age-related 
performance differences during complex bimanual coordination tasks requiring effortful 
processing (Bangert, et al., 2010; Fling, et al., 2011b; Serrien, et al., 2000; Summers, et 
al., 2010; Wishart, et al., 2000). In accordance with previous studies using the 
visuomotor task in a young adult sample (Gooijers, et al., 2013; Sisti, et al., 2011; Sisti, 
et al., 2012), both groups performed worse on the non-isofrequency ratios compared 
with the isofrequency ratios. No significant interaction between group and frequency 
ratio was found, indicating that the intergroup difference in performance was similar 
during both frequency ratio conditions. This implies that adding extra temporal 
constraints (i.e., non-isofrequency versus isofrequency ratios), did not further magnify 
the age-related differences in performance. 
Group differences in diffusion tensor imaging 
Consistent with previous literature, CC parietal and occipital regions showed highest 
FA values as compared with the other CC subregions within both the young and the 
older adults group (Caeyenberghs, et al., 2011; Chepuri, et al., 2002; Gooijers, et al., 
2013; Hofer and Frahm, 2006; Ota, et al., 2006).  
Our comparison of quantitative fiber tracking measures between the young and 
older group further revealed lower FA values in the CC prefrontal region in the older 
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adults, whereas differences in the more posterior primary sensory, parietal, temporal and 
occipital regions of the CC were not significant. Across many studies employing DTI to 
explore age-related changes in microstructural organization, a general trend has been 
found towards an anterior to posterior gradient of degradation, as aging is associated 
with decreased FA in the frontal regions of the brain, including the genu of the CC, 
whereas this decline is less pronounced in posterior white matter, including the splenium 
(Abe, et al., 2002; Bennett, et al., 2010; Bhagat and Beaulieu, 2004; Burzynska, et al., 
2010; Camara, et al., 2007; Coxon, et al., 2012; Davis, et al., 2009; Hofer and Frahm, 
2006; Madden, et al., 2012; Ota, et al., 2006; Raz and Rodrigue, 2006; Salat, et al., 2005; 
Sisti, et al., 2012; Sullivan, et al., 2006; Sullivan and Pfefferbaum, 2006; Voineskos, et 
al., 2012; Zahr, et al., 2009). Accordingly, our data fit well with the existing literature. 
Age-related differences in AD and RD did not appear to follow the same pattern of 
selective vulnerability of anterior CC fibers to normal aging, as additionally to age-
related elevations in RD in the CC prefrontal region, pronounced elevations in 
diffusivity were found in the posterior CC temporal (AD and RD) and occipital (AD) 
regions as well. 
An unexpected finding was that FA in the CC primary motor region was higher 
in older adults compared with the young adults, which seemed to be primarily driven by 
the lower RD in this subregion in the older adults. Age-related increases in FA in 
different white matter regions have previously been reported (Hsu, et al., 2010; Inano, 
et al., 2011). However, to the best of our knowledge, this is the first study reporting this 
counterintuitive difference in the CC primary motor region. In view of the (a) obtained 
findings in other CC substructures (anterior and posterior to the motor CC) that are 
consistent with previous work, (b) the detailed quality control of the data, and (c) the 
relatively large size of our participant pool compared with related literature, we seriously 
doubt that this deviant finding reflects a mere flaw in data processing or sampling error. 
Determining the etiology of our results calls for replication and further investigation. 
Nevertheless, some speculative arguments are discussed next. Looking at FA evolution 
of the CC over the entire lifespan, Lebel, et al. (2012) previously found that the FA peak 
for the body of the CC -likely to include the CC primary motor region in this study- 
occurred at around the age of 35 years. The reported increases in FA were driven by 
decreases in RD, which is presumably indicative of age-related fiber myelination (Janve, 
et al., 2013; Song, et al., 2002; Song, et al., 2005; Sun, et al., 2007; Sun, et al., 2006). 
Using light microscopic examination, Aboitiz et al. (2003; 1992) previously revealed 
that in the posterior midbody, the highest number of highly myelinated large-diameter 
fibers in the CC is found, possibly explaining the late FA peak in the body of the CC as 
described by Lebel et al. (2012). Findings on FA changes at higher ages in the body of 
the CC have been inconsistent. Some studies report decreases at higher ages (Hasan, et 
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al., 2008; Hsu, et al., 2010), whereas others report relatively stable FA values 
(Burzynska, et al., 2010; McLaughlin, et al., 2007; Michielse, et al., 2010; Ota, et al., 
2006). A closer inspection of the FA values of the CC primary motor region within the 
older adult group of the current study showed no correlation between age and FA (r = -
.01, ns), indicating that FA values remained stable after the age of 60. Based on the 
results of Lebel et al. (2012), it is plausible that the young adults, included in the current 
study, did not yet reach their FA peak in the CC primary motor region, thereby 
demonstrating lower FA values as compared with the older adults. In turn, the older 
adults may have reached their FA peak around midlife and remained relatively stable 
thereafter. Taken together, the age-related differences in FA in the CC prefrontal region 
and in the CC primary motor regions of the current study may possibly be explained in 
light of changes in CC microstructure across the human lifespan.  
Microstructural organization of the corpus callosum and bimanual motor 
behavior 
We explored the relations between DTI-derived FA values of the 7 CC subregions, as a 
measure of white matter microstructure, and performance on bimanual motor tasks 
relying on different sensorimotor functions. Applying correlation analyses within the 
young adults group, we found that higher FA values of the CC primary sensory region 
were associated with better tracking performance during the isofrequency and non-
isofrequency ratios of the visuomotor task. The remaining correlations did not reach 
significance in this group. Within the older adults group, several correlations were 
significant. Performance on the Purdue Pegboard Test was associated with FA values of 
the CC occipital subregion, whereas the other bimanual motor behavior scores 
correlated with more anterior CC subregions. These relations are discussed in more 
detail below.  
First, whereas Sullivan et al. (2010) and Voineskos et al. (2012) previously found 
no correlations between unimanual fine finger movement scores and callosal 
microstructural organization in samples spanning the adult age range, we found a 
relation between bimanual Purdue Pegboard Test performance and FA in the CC 
occipital subregion of the older adults. The fibers running through this region are 
responsible for information transfer between the occipital areas, which are involved in 
processing of visual information. Noteworthy, the Purdue Pegboard Test was the only 
task for which a relation with these fibers was found. This may appear somewhat 
unexpected at first sight, but several potential accounts can be put forward. First, during 
the execution of the Purdue Pegboard Test, accurate visually-guided movements of the 
fingers are required under temporal pressure. The pegs precisely fit in the peg holes, 
leaving no room for error. Moreover, participants are instructed to exactly synchronize 
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the placement of each pair of pegs in the provided holes. Because of these restrictions, 
constant on-line monitoring and updating of the different task elements (e.g. the hands, 
pegs and peg holes) in both visual hemifields is crucial. This probably accounts for the 
need to transfer information through interconnecting occipital pathways. In the other 
bimanual motor tasks employed in the present study, this constant fast on-line exchange 
of visual information might have been less determining for performance. Second, lower 
FA within the occipital regions of the CC has previously been found to be uniquely 
related to deficits on the bimanual Purdue Pegboard Test in traumatic brain injury 
patients (Caeyenberghs, et al., 2011). As both elderly and traumatic brain injury patients 
undergo changes in brain white matter microstructure constraining function, it is not 
surprising that similar brain-behavior relations are found in both populations.  
Next, better performance on the simultaneous finger tapping task was associated 
with higher FA in the premotor subregion. Fling et al. (2011b) previously found no 
relations between CC microstructure and performance during a paced simultaneous 
finger tapping task in which outcome scores were based on the standard deviation of the 
imposed 0 msec between-hand lag, with higher scores representing less accuracy. Our 
finger tapping task assessed in-phase bimanual motor speed whereby participants were 
instructed to tap as fast as possible. Performance on this task (i.e., the number of taps) 
was related to microstructural organization of the CC fibers connecting premotor areas. 
Further, higher FA values of the premotor and the primary sensory subregion 
were related to better performance on the choice reaction time test. FA of these CC 
subregions has previously been linked to upper limb motor outcome in patients suffering 
from hand motor deficits after subcortical stroke (Schluter, et al., 1998). Impaired motor 
response selection has previously been found in healthy participants undergoing 
transcranial magnetic stimulation applied to disrupt processing in the lateral premotor 
cortex (Schluter, et al., 1998). Halsband and Lange (2006) suggested that the coding of 
the association between visuo-spatial information and motor commands can primarily 
be attributed to the lateral premotor cortex. Picard and Strick (2001) have further shown 
that the rostral part of the lateral premotor cortex is primarily active during the 
presentation of external cues, whereas the caudal part plays a role during movement 
preparation or generation. Involvement of the premotor cortex in choice reaction time 
tasks has thus previously been demonstrated. Whereas Madden, et al. (2004) found no 
relations between performance on a unimanual choice reaction time task and callosal 
FA values in older adults, we now found that, for a bimanual version of this task, FA of 
the premotor and primary sensory subregions of the CC is associated with performance 
in older adults. 
Finally, performance on the computerized visuomotor task was correlated with 
FA of the primary motor subregion, which equally applied to the isofrequency and the 
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more difficult non-isofrequency ratios. Electroencephalography studies have previously 
shown that bimanual coordination of skilled finger movements requires an intense 
interaction between the motor areas of both cerebral hemispheres (Gerloff and Andres, 
2002). The fibers of the CC primary motor region connect these motor areas, which 
support the execution of bimanual movements (Sadato, et al., 1997; Swinnen and 
Wenderoth, 2004), and serve as pathways for both facilitatory and inhibitory interactions 
(Bloom and Hynd, 2005; Fling, et al., 2011a; Goble, et al., 2012; Stinear and Byblow, 
2002). Although the older adults showed higher FA values in the CC primary motor 
region as compared to the young adults, they performed worse on this task as a group, 
indicating that other processes are probably more determining for this age-related 
performance decline than microstructural changes in the CC. However, the clear relation 
between FA values in the CC primary motor region and performance within the older 
adults indicates that lower FA values in this subregion may be related to additional 
performance deterioration among the older adults. 
None of the significant brain-behavior relationships in the older adults were 
found in the young adults group, and vice versa. Furthermore, correlations between FA 
values of the CC premotor region and performance on the simultaneous finger tapping 
task in older and younger adults were found to differ significantly from each other, 
indicating explicit age-related differences in the relations between these DTI and 
performance measures. 
Some limitations in our current study must be acknowledged. DTI offers a 
quantitative method to reduce anatomical information to a tensor and then to a scalar 
value. However, this implies that, when differences are found in one of these scalar 
metrics, it is difficult to draw any conclusions about the exact causes at the cellular level 
(Tournier, et al., 2011). FA for example is rather unspecific and can be modulated by 
changes in myelination, axon density, axon diameter and the layout of the axons within 
the image (Chepuri, et al., 2002). Furthermore, other currently available MRI sequences 
have improved the detection of white matter damage in older adults, such as T2-
weighted imaging and fluid attenuated inversion recovery (FLAIR) scans (for a review, 
see Gunning-Dixon, et al., 2009). Because T2 and FLAIR scans are much more sensitive 
in detecting white matter hyperintensities, more accurate data can be obtained to 
objectively assess white matter deterioration in the older adults group. The extent of 
detected white matter damage can provide long-term neurological and behavioral 
prognostic information. Additional studies correlating the abnormalities seen on FLAIR 
with DTI metrics need to be done to better define the neuroimaging correlates of motor 
performance declines in older adults. Finally, the cross-sectional design used in this 
study only enabled us to investigate age-related differences in bimanual motor behavior 
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and in microstructural organization of the CC. Individual changes herein over time could 
not be explored with this design.  
Conclusions 
We subdivided the CC into 7 functionally distinct regions in both young and older adults 
and correlated DTI metrics with performance on an expanded set of bimanual tasks. 
Older adults showed significant bimanual motor deficits on all tasks as compared with 
young adults. Microstructural organization of several CC subregions showed significant 
correlations with bimanual performance, particularly in the older adults. More 
specifically, deficits in bimanual finger manipulation skills, highly depending on on-line 
visual processing, were associated with white matter FA in the CC occipital subregion 
in the older adults. The remaining bimanual skills were related to FA of the more anterior 
premotor, primary motor and primary sensory CC subregions. Understanding these 
brain-behavior relationships advances our current knowledge on normal brain aging, 
and may help to identify structural imaging biomarkers of aging that may ultimately 
serve to provide a foundation for the development of interventions designed to maintain 
functional independence during aging. 
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Supplementary material to Chapter 1 
Relationships between the different bimanual test scores within the young and older 
adults group. 
Young adults 
 
Purdue 
Pegboard 
Simultaneous 
finger tapping 
Alternating 
finger 
tapping 
† Choice 
reaction 
time test 
†Visuomotor 
task 
isofrequency 
ratios 
†Visuomotor 
task non-
isofrequency 
ratios 
Purdue Pegboard Pearson 1  .47  .08 -.22  .00 -.00 
 Sig.  0.008 0.66 0.252 0.999 0.989 
Simultaneous  Pearson  1  .39 -.14 -.04 -.06 
finger tapping Sig.   0.031 0.471 0.842 0.737 
Alternating Pearson   1 -.51 -.45  -.57*** 
finger tapping Sig.    0.005 0.01 0.001 
† Choice reaction Pearson    1  .41  .42 
time test Sig.     0.025 0.02 
† Visuomotor task 
isofrequency ratios 
Pearson     1  .85*** 
Sig.      0.000 
† Visuomotor task 
non-isofrequency ratios Pearson      1 
 
Older adults 
 
Purdue 
Pegboard 
Simultaneous 
finger tapping 
Alternating 
finger 
tapping 
† Choice 
reaction 
time test 
†Visuomotor 
task 
isofrequency 
ratios 
†Visuomotor 
task non-
isofrequency 
ratios 
Purdue Pegboard Pearson 1  .21 -.13 -.26 -.37 -.38 
 Sig.  0.256 0.486 0.179 0.039 0.03 
Simultaneous  Pearson  1   .60*** -.2 -.34 -.34 
finger tapping Sig.   0.000 0.316 0.061 0.058 
Alternating Pearson   1 -.27  -.52**  -.52** 
finger tapping Sig.    0.157 0.002 0.002 
† Choice reaction Pearson    1  .36  .36 
time test Sig.     0.057 0.054 
† Visuomotor task 
isofrequency ratios 
Pearson     1   .92*** 
Sig.      0.000 
† Visuomotor task 
non-isofrequency ratios 
Pearson      1 
Sig. 
      
Note: Results reported as being significant survived Bonferroni correction for 15 
comparisons. **. Correlation is significant at the 0.01 level (two-tailed).; ***. 
Correlation is significant at the 0.001 level (two-tailed); †. For these tasks, lower scores 
reflect better performance. Scores in light grey represent correlations between subscores 
of the same task
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Abstract 
Even though declines in sensorimotor performance during healthy aging have been 
documented extensively, its underlying neural mechanisms remain unclear. Here, we 
explored whether age-related subcortical atrophy plays a role in sensorimotor 
performance declines, and particularly during bimanual manipulative performance 
(Purdue Pegboard Test). The thalamus, putamen, caudate and pallidum of 91 
participants across the adult lifespan (ages 20 – 79 years) were automatically segmented. 
In addition to studying age-related changes in the global volume of each subcortical 
structure, local deformations within these structures, indicative of subregional volume 
changes, were assessed by means of recently developed shape analyses. Results showed 
widespread age-related global and subregional atrophy, as well as some notable 
subregional expansion. Even though global atrophy failed to explain the observed 
performance declines with aging, shape analyses indicated that atrophy in left and right 
thalamic subregions, specifically subserving connectivity with the premotor, primary 
motor and somatosensory cortical areas, mediated the relation between aging and 
performance decline. It is concluded that subregional volume assessment by means of 
shape analyses offers a sensitive tool with high anatomical resolution in the search for 
specific age-related associations between brain structure and behavior.  
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Introduction 
Bimanual skills are ubiquitous during many daily life activities, such as getting dressed 
or eating. During healthy aging, these skills have been shown to deteriorate (Bernard 
and Seidler, 2012; Fling and Seidler, 2012; Marneweck, et al., 2011; Serbruyns, et al., 
2015; Sullivan, et al., 2001; Swinnen, et al., 1998). However, fundamental knowledge 
of the neural mechanisms behind these age-related declines is rather limited.  
Recent aging studies have focused on activity of the cerebral cortex, and have 
made some progress in determining the role of age-related functional brain changes in 
bimanual performance declines (Goble, et al., 2010; Heitger, et al., 2013; Kiyama, et al., 
2014; Solesio-Jofre, et al., 2014). Other aging studies have demonstrated a significant 
role of microstructural changes in white matter structures and particularly the corpus 
callosum (Fling, et al., 2011; Gooijers and Swinnen, 2014; Serbruyns, et al., 2015; 
Sullivan, et al., 2001), the largest white matter tract connecting interhemispheric cortical 
regions (Jarbo, et al., 2012). However, to the best of our knowledge, the role of 
subcortical changes in bimanual performance declines in healthy aging has not been 
investigated. The importance of subcortical structures for bimanual coordination is 
indirectly implied by several functional magnetic resonance imaging (fMRI) studies in 
healthy young adults showing that bimanual coordination relies on a distributed 
network, including subcortical structures (Debaere, et al., 2003; Debaere, et al., 2004a; 
Debaere, et al., 2004b; Kraft, et al., 2007; Ng, et al., 2013; Puttemans, et al., 2005; Van 
Der Graaf, et al., 2004). Furthermore, patients with subcortical impairments, such as 
patients with Parkinson’s disease or with subcortical lesions, have been shown to 
experience difficulties with bimanual performance (Haaxma, et al., 1995; Johnson, et 
al., 1998; Kuoppamaki, et al., 2005; Mochizuki-Kawai, et al., 2004; Serrien, et al., 2000; 
Swinnen, et al., 2000; Verschueren, et al., 1997). Based on previous indications that 
subcortical gray matter structures undergo age-related degenerative changes (Cherubini, 
et al., 2009; Fjell, et al., 2013; Goodro, et al., 2012; Gunning-Dixon, et al., 1998; 
Hughes, et al., 2012; Inano, et al., 2013; Jancke, et al., 2014; Jiang, et al., 2014; Li, et 
al., 2014; Long, et al., 2012; Walhovd, et al., 2005; Walhovd, et al., 2011), investigating 
the relationship between these changes and bimanual functioning may help in unraveling 
the neural basis of age-related bimanual performance declines.  
The main subcortical structures involved in bimanual coordination are the 
thalamus (Debaere, et al., 2003; Debaere, et al., 2004a; Debaere, et al., 2004b; Ng, et 
al., 2013), putamen (Debaere, et al., 2003; Debaere, et al., 2004b; Ng, et al., 2013; Van 
Der Graaf, et al., 2004), caudate (Debaere, et al., 2003; Ng, et al., 2013) and pallidum 
(Debaere, et al., 2004a; Debaere, et al., 2004b; Ng, et al., 2013; Van Der Graaf, et al., 
2004). These structures are part of the cortico-subcortical motor circuit, receiving inputs 
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from the cerebral cortex via cortico-striatal inputs and ultimately projecting back to 
distinct zones of the cortex through thalamocortical pathways (Alexander, et al., 1986; 
Hoover and Strick, 1993). Anatomical connectivity information, derived from diffusion 
tensor imaging (DTI) and probabilistic tractography, has shown that these subcortical 
projections are topographically organized, i.e., clustered according to function, 
congruent with primate data. In this way, each of these subcortical structures can be 
parcellated into functionally distinct subregions (Behrens, et al., 2003; Tziortzi, et al., 
2014; Zhang, et al., 2010). Recently, a new method has been proposed that, in addition 
to the assessment of total volume per subcortical structure (i.e., ‘global’ volumes), 
allows for accurate and robust localization of volumetric changes within such distinct 
subregions of each of these structures (i.e., ‘subregional volume’) by means of shape 
analyses in T1-weigthed MRI images (Patenaude, et al., 2011). That is, it allows for the 
detection of shape differences in terms of inward or outward deformation, which implies 
local volume decreases (i.e., subregional atrophy) or local volume increases (i.e., 
subregional expansion), respectively. Previous research from our group in traumatic 
brain injury patients and healthy controls has shown that these subregional volumetric 
measures provide greater sensitivity as compared with global volumetric measures in 
detecting correlations with behavioral measures (Leunissen, et al., 2014). Moreover, 
shape analyses enable purely local volumetric analyses, which are based directly on the 
location of the structures’ boundaries and thus are not dependent on tissue-type 
classification or smoothing extents (Patenaude, et al., 2011). As such, shape analyses 
have the potential to be more sensitive to local volumetric changes as compared with 
more conventional methods. This idea is further strengthened by two very recent studies 
detecting gray matter subcortical differences between patients and healthy controls 
using shape analyses, but not (Menke, et al., 2014) or to a lesser extent (Kim, et al., 
2013) using voxel-based morphometry. Furthermore, shape analyses have already been 
employed successfully to detect atrophy with increasing age in subregions of the 
bilateral thalamus (Hughes, et al., 2012; Jiang, et al., 2014), bilateral putamen, and left 
pallidum (Jiang, et al., 2014). In view of the observed functional topography within 
subcortical structures, shape analyses offer great potential for the identification of age-
related atrophy in subcortical subregions potentially mediating sensorimotor 
performance declines.  
In the current study, we investigated the role of global and subregional subcortical 
volumetric changes in age-related bimanual performance declines across the adult 
lifespan. Bilateral thalamus, putamen, caudate and pallidum were selected as structures 
of interest. Our hypotheses were three-fold: (1) bimanual performance will decline with 
increasing age, (2) the selected subcortical structures will show atrophy with increasing 
CHAPTER 2 
84 
age, and (3) atrophy of subregions connected with cortical regions involved in motor 
coordination will account for age-related bimanual performance declines.  
To the best of our knowledge, this is the first study offering a detailed overview 
of age-related global and in particular subregional volumetric changes in multiple 
subcortical structures across the whole adult lifespan, as well as in delineating their role 
in sensorimotor performance declines.  
Materials and Methods 
Participants 
Participants within an age range of 20 to 79 years old were recruited from the general 
population by means of advertisements and active recruitment. Participants with current 
or previous psychiatric illness, neurological illness, use of anti-epileptic medication, or 
drug or alcohol abuse were excluded, as were participants with diabetes, 
contraindication to MRI, impaired hand function, or highly trained bimanual function 
(e.g., musicians). Additionally, exclusion criteria included a score below 26/30 on the 
Montreal Cognitive Assessment scale for participants aged 60 and older (Nasreddine, et 
al., 2005). After additionally excluding 1 participant due to detection of a cyst, the final 
sample consisted of 91 participants (46 males, mean age ± SE: 49.59 ± 1.86 years). All 
participants were right-handed, as verified by the Edinburgh Handedness Inventory 
(laterality quotient, mean ± SE: 95.23 ± 1.14), and had normal or corrected to normal 
vision. Prior to giving written consent, all participants were fully informed about the 
experimental procedures. The study received approval from the local Ethics Committee 
for Biomedical Research at KU Leuven and was performed in accordance with the 1964 
Declaration of Helsinki and its amendments. 
Bimanual Purdue Pegboard Test 
The Purdue Pegboard Test (Lafayette instrument company, USA) is a widely known 
clinical measure of fine finger manipulation speed. It consists of manipulating a 
maximum number of small pins in two vertical columns with pinholes on a board, within 
a 30-sec time period (Desrosiers, et al., 1995; Tiffin and Asher, 1948). The test was 
performed three times with both hands simultaneously. Before starting, the participants 
were allowed to practice with 4 pairs of pins. The dependent variable was the average 
number of pairs inserted during the three trials. Outlier detection was performed by 
transforming the data into z-scores. A trial was considered an outlier when the absolute 
value of z was above 3. 
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Image acquisition 
A Siemens 3T Magnetom Trio magnetic resonance imaging (MRI) scanner (Siemens, 
Erlangen, Germany) with a 12-channel matrix head coil was used for acquisition of a 
3D magnetization prepared rapid gradient echo (MPRAGE) high resolution T1-
weighted anatomical image (repetition time = 2300 msec; echo time = 2.98 msec; 1 x 1 
x 1.1 mm3 voxels; field of view = 240 x 256 mm²; 160 sagittal slices, flip angle 9°). 
Image processing 
All images were manually checked for the presence of anatomical abnormalities or MR 
artifacts using xjView software in MATLAB 7.12 (The MathWorks Inc., Natick, MA, 
2011). Automatic segmentation of the subcortical structures (left and right: thalamus, 
putamen, caudate and pallidum, see Figure 1) from each participant’s anatomical image 
was conducted with FMRIB’s Integrated Registration Segmentation Toolkit (FSL 
FIRST; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST). FSL FIRST (described in detail by 
Patenaude, et al., 2011) incorporates both intra- and interstructural variability to perform 
the segmentations. A surface mesh is created for each subcortical structure by fitting 
models of deformable meshes, constructed from a training set of 336 manually labeled 
anatomical images. These deformable meshes consist of sets of vertices connected by 
edges and are topologically equivalent to a tessellated sphere. Moreover, FSL FIRST 
maximizes the posterior probability of the shape of the subcortical structures by 
searching through linear combinations of shape modes of variation given the observed 
intensities in the anatomical image. In the current study, the meshes were reconstructed 
in the native space of the model (i.e., MNI space). Next, pose (global rotation and 
translation) was removed from the meshes by a rigid alignment with 6 degrees of 
freedom and boundary correction was applied. Segmentations were visually inspected 
for all participants in sagittal, coronal, and axial views using the FSLVIEW toolbox. 
 
Fig. 1  FIRST segmentation of left and right thalamus, caudate, putamen and 
pallidum. The left side is shown here. In the bottom figure, the putamen has been 
removed to reveal the pallidum. A = anterior; P = posterior 
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Age-related subcortical volumetric changes 
Global volumetric changes 
For each structure, the global volume measurement (i.e., of the entire structure) was 
extracted from the outputs of the FSL FIRST segmentation and was imported into the 
Statistical Package for the Social Sciences (SPSS, version 22.0). Total intracranial 
volume (TIV) was obtained in SPM8 (new segment toolbox) by adding the volumes of 
white matter, gray matter and cerebrospinal fluid together. Next, the global volume was 
corrected for individual variation in brain size using the following formula: corrected 
global volume = global volume (mm3)/TIV (mm3) * 1000. The corrected global volumes 
were used for further analyses. Pearson correlation analyses were used to explore the 
effect of age on corrected global volume of the different subcortical structures across all 
participants.  
Shape analyses: subregional volumetric changes 
Differences in the shape of a subcortical structure can be caused by inward 
deformations, indicative of local volume decreases (subregional atrophy), and/or 
outward deformations, indicative of local volume increases (subregional expansion). By 
revealing the exact location of these volumetric changes within a structure, shape 
analyses can offer more detailed insights into age-related subcortical changes as 
compared with global volume analyses. FSL FIRST shape analyses (Patenaude, et al., 
2011) use the deformable model approach as described above, to restrict topology of the 
structures and to preserve inter-participant vertex correspondence, such that vertex-wise 
comparisons across individuals or between groups can be performed. More specifically, 
vertex locations from each participant are projected onto the surface normal (i.e., 
perpendicular to the tangent plane to the surface and outward pointing) of the average 
shape of this particular cohort. These vertices represent the signed, perpendicular 
distance from the average surface. Negative values reflect inward movement of the 
vertices (subregional volume decreases), positive values reflect outward movement of 
the vertices (subregional volume increases). We employed vertex-wise statistics to 
investigate subregional age-related volumetric differences of the subcortical structures. 
With the aim of offering a detailed overview of these differences across the lifespan, we 
compared the subcortical shapes of participants of each of the last 5 decades of the age 
range in this study (i.e., the 4th, 5th, 6th, 7th and 8th decade, including participants 
between 30-39, 40-49, 50-59, 60-69 and 70-79 years, respectively) to the shapes of the 
youngest decade in our sample (i.e., the 3rd decade, including participants between 20-
29 years) (Table 1). On this account, a general linear model (GLM) approach, as 
implemented in FSL, was employed to perform two-sample t-tests with Threshold-Free 
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Cluster Enhancement correction for multiple comparisons (Smith and Nichols, 2009). 
Results were rendered on the shape surface using ParaView 4.1.0, providing a map of 
the subcortical subregional differences. 
Table 1. Sizes and age ranges of the different decades. 
Decade  N (F/M)  Age range (years) 
3rd  20 (11/9)  20-29 
4th  11 (6/5)  30-39 
5th  12 (6/6)  40-49 
6th  16 (8/8)  50-59 
7th  17 (8/9)  60-69 
8th  15 (6/9)  70-79 
Note: N: number of participants; F: females, M: males 
Age-related changes in bimanual performance 
To investigate age-related changes in bimanual performance across the adult lifespan, 
we calculated the correlation strength between age and average number of pairs inserted 
during the bimanual version of the Purdue Pegboard Test using Pearson correlation 
analyses. 
Relation between age-related subcortical atrophy and bimanual 
performance decline 
We employed mediation analyses (explained in more detail below) to investigate 
whether age-related declines in bimanual performance could be explained by atrophy of 
the subcortical structures. A first criterion for mediation to occur is that there is an effect 
of the mediator (here: global or subregional subcortical volume) on the dependent 
variable (here: bimanual performance), which remains significant after controlling for 
the effect of the independent variable (here: age). Accordingly, before performing the 
mediation models, we explored which structures (based on corrected global volume) 
and/or subregions of structures (based on subregional volume) met this criterion, and 
these were selected as potential mediators. An overview of this step can be found in 
Figure 2 (Step 1).  
CHAPTER 2 
88 
 
Fig. 2 Overview of the mediation analyses. Step 1: partial Pearson correlations 
(independent of the effect of age) were used to select the potentially mediating structures 
and/or subregions. Step 2: mediation models with age modeled to affect bimanual 
performance directly, as well as indirectly through corrected global volume and/or 
subregional volume of the selected potentially mediating structures and subregions of a 
structure, respectively. a = the effect of age on the potential mediator; b = the effect of 
the potential mediator on bimanual performance controlling for age; c’= direct effect of 
age on bimanual performance, controlling for the indirect effect a*b; c = total effect of 
age on bimanual performance 
Selection of potentially mediating structures based on global volume  
Potential relations between bimanual performance and global volume of the subcortical 
structures, independent of the effect of age on performance, were determined by 
calculating partial Pearson correlations. Structures showing a significant partial 
correlation were selected as potentially mediating structures. 
Selection of potentially mediating subregions based on subregional volume 
Additionally, we investigated whether shape analyses could provide greater sensitivity 
in detecting correlations with behavior. On this account, the GLM (FSL) was used to 
correlate subregional volume of the subcortical structures with bimanual performance, 
controlling for the effect of age. As a precaution against false-positive results, only 
clusters with an extent of ≥10 voxels and significant at p ≤ .005 (uncorrected) were 
selected as potentially mediating subregions. The outputs of the partial correlation 
analyses were binarized (i.e., the voxel values within a significant cluster were set to 
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one, and otherwise to zero), and next these binary images served as a mask to extract 
the mean vertex value per significant cluster, indicative of subregional volume.  
Mediation analyses 
After selection of the potential global and subregional volume mediators, PROCESS, a 
SPSS macro recently developed by Hayes (2012), was used to run the mediation models 
(see Figure 2, Step 2). First, the total effect of age on bimanual performance (c) was 
estimated by regressing age on performance without any mediators in the model. Next, 
using ordinary least squares path analysis, age was modeled to affect performance 
directly, as well as indirectly through the potential global and/or subregional volume 
mediators assumed to be causally located between age and performance. As depicted in 
the mediation models in Figure 2 (Step 2), the direct effect of age on performance is 
estimated with c’, and the indirect effect is estimated as a*b, that is the product of the 
effect of age on global or subregional volume (a) and the effect of global or subregional 
volume on bimanual performance, controlling for age (b). The indirect effect was 
evaluated using 10000 stratified bootstrap samples to determine a 95% bias-corrected 
confidence interval. The sum of the direct and indirect effect equals the total effect of 
age on performance (c). Finally, 𝑅𝑚𝑒𝑑
2
 represents the proportion of variance in bimanual 
performance, attributable to the indirect effect of age on bimanual performance through 
the potential global or subregional volume mediators.  
Statistical analyses 
Unless otherwise stated, an alpha level of 0.05 was used for statistical analyses, and 
correction for multiple comparisons was applied using Bonferroni correction (Olejnik, 
et al., 1997). Only results surviving correction for multiple comparisons are reported. 
Results 
Age-related subcortical volumetric changes 
Global volumetric changes 
Descriptive statistics of uncorrected global volumes, global volumes corrected for total 
intracranial volume, and Pearson correlations of corrected global volumes with age are 
reported in Table 2. There was a significant negative correlation between age and 
corrected global volume in all structures (all p-values < 0.001), except the left and right 
pallidum (p = .087 and p = .036, respectively, not surviving Bonferroni correction).  
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Table 2. Descriptive statistics of uncorrected global volume and global volume corrected 
for total intracranial volume of the subcortical structures, and Pearson correlations of 
corrected global volume with age. 
Subcortical 
structure 
 Global volume (mm3) ± SE  Corrected global volume ± SE  r corrected global volume. age 
 Left  Right  Left  Right  Left  Right 
Thalamus  8079.80 ± 86.17  7915.72 ± 88.22  5.27 ± 0.05  5.16 ± 0.05  -.587 *** 
 
-.628 *** 
Caudate  3474.16 ± 46.34  3607.35 ± 49.67  2.27 ± 0.03  2.35 ± 0.03  -.526 *** 
 
-.481 *** 
Putamen  4965.99 ± 64.03  5051.50 ± 67.58  3.24 ± 0.04  3.30 ± 0.04  -.583 *** 
 
-.655 *** 
Pallidum  1854.77 ± 24.02  1862.15 ± 22.84  1.21 ± 0.01  1.21 ± 0.01  -.181 ns 
 
-.220 ns 
Note: SE, standard error; r = Pearson correlation. *** p < 0.001, ns = not significant 
Subregional volumetric changes 
An overview of the significant subcortical differences when comparing subregional 
volume of each of 5 subgroups (i.e., the 4th to 8th decade) relative to our youngest 
decade (i.e., the 3rd decade) can be found in Figures 3-6. Subregional atrophy in the 
thalamus (Figure 3) was observed starting from the 5th decade for the right thalamus, 
and starting from the 6th decade for the left thalamus. This atrophy was widespread, 
leaving only the thalamic head and ventroposterior regions relatively unaffected. For the 
putamen (Figure 4), atrophy was observed bilaterally starting from the 6th decade and 
mainly affected the medial and lateral wall. The caudate (Figure 5) showed bilateral age-
related subregional atrophy as well as expansion, starting from the 6th decade. The 
atrophy mainly affected the medial and lateral wall, whereas expansion was mainly 
observed in the ventral and dorsal wall. Finally, the pallidum (Figure 6) showed 
expansion when comparing the 6th decade to the 3rd decade, located in medial parts of 
the left and right body, and posterior and anterolateral parts of the right body only, 
followed by bilateral atrophy starting from the 7th decade. 
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Fig. 3 Thalamus.  
Vertex-wise comparisons of thalamus. 
Age-related atrophy was observed starting 
from the 5th decade for the right thalamus, 
and starting from the 6th decade for the left 
thalamus. X = right; Y = front; Z = top 
 
 
 
 
Fig. 4 Putamen. 
Vertex-wise comparisons of 
putamen. Age-related subregional 
atrophy was observed bilaterally 
starting from the 6th decade. X = 
right; Y = front; Z = top 
 
Fig. 5 Caudate. 
Vertex-wise comparisons of caudate. 
Age-related subregional atrophy as well 
as expansion was observed starting from 
the 6th decade. X = right; Y = front; Z = 
top 
 
 
 
 
Fig. 6 Pallidum. 
Vertex-wise comparisons of pallidum. 
Subregional expansion was observed 
when comparing the 6th decade to the 
3rd decade. Age-related subregional 
atrophy was observed starting from the 
7th decade. X = right; Y = front; Z = top 
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Age-related bimanual performance declines 
Based on inspection of the z-scores, no outliers were found for the Purdue Pegboard 
Test. Figure 7 shows the relation between age and bimanual performance on the Purdue 
Pegboard Test. There was a significant negative relation between age and average 
number of pairs inserted (r = -.670, p < 0.001), indicating that bimanual performance 
deteriorated with increasing age.  
 
Fig. 7 Scatter plot indicating the relationship between age and bimanual 
performance on the Purdue Pegboard Test. *** p < 0.001. 
Relation between age-related subcortical atrophy and bimanual 
performance decline 
Potentially mediating structures  
Partial Pearson correlations were used to explore in which structures variation in 
corrected global volume was related to bimanual performance, independent of age. None 
of these partial correlations reached significance. Therefore, global volumes were not 
included in the mediation models. 
Potentially mediating subregions of structures 
The GLM (FSL) was used to correlate subregional volume of the subcortical structures 
with bimanual performance, controlling for the effect of age. We found significant 
partial correlations between volumes of the ventral and lateral part of the body of the 
left thalamus, and the ventrolateral part of the body of the right thalamus, and bimanual 
performance (Figure 8, left side). Therefore, these thalamic subregions were selected as 
potentially mediating subregions in the relation between age and bimanual performance. 
Based on the Oxford Thalamic Connectivity Probability Atlas, thresholded at 25% of 
the maximum connectivity count (Johansen-Berg, et al., 2005), both clusters in the left 
thalamus as well as the cluster in the right thalamus corresponded with the thalamic 
connectivity profile to the premotor areas, and primary motor and somatosensory 
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cortices (Figure 8, right side). None of the other subcortical structures showed 
subregional partial correlations with bimanual performance. 
 
 
Fig. 8 Left side: thalamic clusters (purple) selected as potentially mediating 
subregions in the relation between age and bimanual performance. Reduced 
volumes of these thalamic subregions showed a relation with lower bimanual 
performance, independent of the effect of age. X = right; Y = front; Z = top. Right side: 
the oxford Thalamic Connectivity Probability Atlas shows the connectivity profile 
of the thalamus. Blue = prefrontal cortex; green = premotor cortex; orange = primary 
motor cortex; light blue = sensory cortex; red = occipital cortex; yellow = posterior 
parietal cortex; pink = temporal cortex (Johansen-Berg et al., 2005) 
Mediation analyses 
We conducted mediation analyses to determine whether the effect of age on bimanual 
performance could be explained by age-related atrophy of subcortical structures. Based 
on the results of the mediator selection procedures, three thalamic subregions were 
tested for significant mediation in separate mediation models (see Figure 8, left side): 
The first and second model included volume of the ventral and the lateral part of the left 
thalamic body, respectively, the third model included volume of the ventrolateral part 
of the right thalamic body. The total effect of age on bimanual performance (c ± SE) 
was -0.067 ± 0.008. This implies that, similar to what we described above, higher age is 
associated with lower performance on the bimanual Purdue Pegboard Test. Including 
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volume of the potential mediating subregions in 3 separate mediation models, this total 
effect of age was separated into direct (c') and indirect (a*b) effects as shown in Table 
3. The effect of age on bimanual performance was shown to be partly mediated by 
volume of all three thalamic subregions (as indicated by the significant indirect effects 
of age): higher age was associated with lower volume measures (indicative of atrophy) 
in these thalamic subregions, and this atrophy partly accounted for the observed declines 
in bimanual performance. 
Table 3: Overview of the mediation analyses using potentially mediating subregions of 
structures based on subregional volume measures. 
Subregion 
 Direct effect of age  Indirect effect of age  Mediation effect size 
 c' (SE)  a*b (95% bootCI)  𝑅𝑚𝑒𝑑
2  (95% bootCI) 
          
Left thalamus          
Ventral part of the body  -0.052 (0.009) ***  -0.014  (-0.027   -0.006)  .24  (.13   .36) 
Lateral part of the body   -0.041 (0.011) ***  -0.026  (-0.043   -0.010)  .37  (.25   .50) 
          
Right thalamus          
Ventrolateral part of the 
body 
 -0.048 (0.001) ***   -0.018  (-0.035   -0.005)  .30  (.18   .42) 
Note: c’= direct effect of age on bimanual performance; SE = standard error; a*b = 
indirect effect of age on bimanual performance through subregional volume; 95% 
bootCI = 95% bias-corrected bootstrap confidence interval; 𝑅𝑚𝑒𝑑
2
 = the proportion of 
variance in bimanual performance attributable to the mediation effect; *** p < 0.001 
Discussion  
The main aim of the current study was to determine the role of age-related subcortical 
changes in sensorimotor performance declines. We employed shape analyses of selected 
subcortical structures (i.e., left and right thalamus, putamen, caudate and pallidum), to 
provide a detailed overview of the location of age-related deformations of these 
structures, indicative of subregional volume changes, in addition to the assessment of 
the global volume of each structure. Furthermore, by means of mediation analyses, we 
showed that the observed performance declines with increasing age were accounted for 
by atrophy in left and right thalamic subregions that subserved specific connections with 
the premotor, primary motor and somatosensory cortical areas. 
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Global and subregional subcortical volumetric changes across the adult 
lifespan 
We first investigated linear relations between age and global volume (corrected for TIV) 
of the selected subcortical structures across the adult lifespan. Significant negative 
correlations, indicative of age-related atrophy, were found in the bilateral thalamus, 
putamen and caudate, but not in the pallidum. The observed atrophy with increasing age 
in the thalamus, putamen and caudate is generally in line with accumulating evidence 
from previous cross-sectional studies (Cherubini, et al., 2009; Fjell, et al., 2013 (not 
caudate); Goodro, et al., 2012; Greenberg, et al., 2008; Gunning-Dixon, et al., 1998; 
Hasan, et al., 2008; Hughes, et al., 2012; Inano, et al., 2013 (not caudate); Jancke, et al., 
2014; Krishnan, et al., 1990; Li, et al., 2014 (not caudate); Long, et al., 2012; Luft, et 
al., 1999; Sullivan, et al., 2004; Van Der Werf, et al., 2001; Walhovd, et al., 2005; 
Walhovd, et al., 2011; Xu, et al., 2000) and longitudinal studies (Fjell, et al., 2013; Raz, 
et al., 2005; Raz, et al., 2003). Findings with respect to pallidal volumetric changes 
during aging have been less consistent. Our finding, indicating lack of significant 
volume declines, is in line with several previous studies (Cherubini, et al., 2009; 
Gunning-Dixon, et al., 1998; Inano, et al., 2013; Jernigan, et al., 2001; Luft, et al., 1999; 
Raz, et al., 2003; Walhovd, et al., 2005), but in contrast to other studies reporting age-
related pallidal atrophy (Fjell, et al., 2013; Goodro, et al., 2012; Jancke, et al., 2014; 
Jiang, et al., 2014 (only in left pallidum); Li, et al., 2014 (only trendwise); Long, et al., 
2012; Walhovd, et al., 2011). These diverging results are likely due to heterogeneity in 
participant samples, segmentation approaches, region of interest definitions, and 
statistical corrections and thresholding.  
To gain more insight into the location of these age-related volumetric changes, 
we additionally performed shape analyses to enable subregional volume assessment. To 
the best of our knowledge, we are the first to use shape analyses for this selection of 
structures across the lifespan to present a detailed overview of the age-related 
subregional differences. This was achieved by comparing shapes of participants of each 
of 5 subgroups (4th to 8th decade) to those of the youngest participants (3rd decade). A 
widespread pattern of subregional atrophy with increasing age (inward deformations) in 
all structures was detected. Surprisingly, along with subregional atrophy in all 
structures, the shape analyses also revealed subregional expansion (outward 
deformations) associated with increasing age in the bilateral caudate and pallidum. 
Although this may appear counterintuitive at first sight, several potential explanations 
can be put forward. First, our result of caudatal expansion in older adults is consistent 
with previous reports (Fjell, et al., 2013; Goodro, et al., 2012; Lemaitre, et al., 2005; 
Long, et al., 2012; Walhovd, et al., 2011). Second, identification of subtle age-related 
subregional expansion in a structure that also undergoes subregional atrophy represents 
CHAPTER 2 
96 
an important added value of the shape analyses approach as compared with global 
volume analyses. Accordingly, the identification of age-related expansion as well as 
atrophy in the pallidum using shape analyses might explain why no relation was found 
between global pallidal volume and age in the current study. Interestingly, previous 
studies that observed age-related expansion similar to ours interpreted their findings as 
possibly due to an artifact (Lemaitre, et al., 2005), image processing methodology 
(Long, et al., 2012), and inaccurate registration (Goodro, et al., 2012). However, the 
accumulating evidence of regional age-related expansion suggests that these findings 
could reflect genuine changes, which definitely require further investigation. A possible 
working hypothesis could be that subregional expansion is indirectly related to 
compensatory mechanisms or changes in performance strategy that are implemented by 
older adults to cope with the emerging structural brain changes (Cabeza and Dennis, 
2013; Goble, et al., 2010; Heuninckx, et al., 2008). However, this goes beyond the scope 
of the present paper.  
Subregional thalamic atrophy accounts for bimanual performance 
declines with increasing age across the adult lifespan 
As expected, we observed bimanual performance declines with increasing age across 
the adult lifespan. To explore the role of subcortical volumetric changes in these age-
related performance declines, we employed recently developed mediation analyses 
(Hayes, 2012). Using corrected global volume measures, no mediation effects were 
found, indicating that global volume approaches may not be sensitive enough to identify 
biomarkers of subcortical aging related to sensorimotor performance declines.  
Using subregional volume measures, age-related atrophy of the ventral and 
lateral part of the body of the left thalamus, and the ventrolateral part of the body of the 
right thalamus was shown to partly explain the observed bimanual performance declines 
with increasing age. The thalamus is a central relay station, receiving input from the 
cortex via cortico-striatal connections, and ultimately projecting back to the prefrontal, 
premotor, primary, sensory, occipital, posterior parietal and temporal cortices through 
thalamocortical pathways (Alexander, et al., 1986; Behrens, et al., 2003; Hoover and 
Strick, 1993). Because of this functional topography, it was expected that atrophy of 
specific subregions, connected with cortical regions relevant for sensorimotor 
performance, would mediate age-related bimanual performance declines. Indeed, these 
thalamic subregions corresponded with the thalamic connectivity profile to the 
premotor, primary motor and somatosensory areas (Johansen-Berg, et al., 2005), which 
are known to play a crucial role in bimanual coordination (Cardoso de Oliveira, 2002; 
Swinnen and Wenderoth, 2004).  
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In the current study, we tested the very specific hypothesis that age-related 
atrophy of subregions of the bilateral thalamus, putamen, caudate and pallidum, which 
are connected with cortical regions involved in motor control, accounts for age-related 
bimanual performance declines. This hypothesis was mainly motivated by results from 
previous studies implying the importance of these structures and their connections in 
bimanual coordination. Our findings highlight the importance of age-related 
deterioration in specific parts of the thalamocortical functional circuit in accounting for 
sensorimotor performance declines. However, as a result of this focused analysis, we 
can neither make any statements about the possible contribution of atrophy in the 
investigated structures to performance on other tasks, nor about the impact of atrophy 
in other brain regions to the observed bimanual declines. Nevertheless, our findings 
offer opportunities for future research directed at identifying localized patterns of 
atrophy that may serve as biomarkers of healthy brain aging, possibly underlying 
behavioral declines in multiple domains. 
Conclusions 
The role of age-related subcortical changes in bimanual performance declines was 
investigated using recently developed subregional volume measures in addition to the 
more conventional global volume indices. Widespread age-related global as well as 
subregional volumetric changes were found. Furthermore, mediation analyses indicated 
that the observed age-related bimanual performance declines could partly be explained 
by atrophy in left and right thalamic subregions, specifically subserving connections 
with the premotor, primary motor and somatosensory areas. Our findings suggest that 
subregional volume assessments by means of shape analyses serve as a sensitive tool 
with high spatial resolution to reveal distinct age-related brain-behavior associations, 
which can easily go unnoticed with global volume measures.  
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Abstract 
In daily functioning, we have to deal with a continuous stream of incoming stimuli. 
Flexibly adjusting our responses to these stimuli, depending on the context, is essential 
for successful behavior. This ‘task switching’ relies on information transfer via white 
matter tracts that connect a distributed network of brain regions. By means of diffusion 
tensor imaging, studies have addressed the associations between microstructural 
properties of these white matter connections and task switching performance. However, 
the large heterogeneity in methods used across such studies hampers the comparability 
and generalizability of the obtained findings. Hence, the aim of this review is to provide 
a more comprehensive and consistent perspective of the white matter connections that 
are of particular relevance for successful task switching performance. As such, evidence 
for specific associations between different white matter structures and task switching 
performance in the context of age-related and pathology-induced alterations in 
microstructure is discussed. Some trends can be observed, showing that the frontal, 
cortico-subcortical, and interhemispheric tracts (but not the long association tracts) seem 
to show the most consistently reported associations with performance. To conclude, we 
propose future directions and potential challenges to inspire further research on these 
brain-behavior associations.  
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Introduction 
When driving a car, we might ignore some passing cyclists to maintain our focus on the 
road. However, when one of these cyclists suddenly appears in front of the car, we need 
to press the brake as soon as possible. This ability to switch between responses to similar 
stimuli, depending on the context, is often required in daily life and is called ‘task 
switching’ (Monsell, 2003). However, task switching generally comes with a ‘cost’. 
That is, switching between tasks is slower and more error-prone than repeating a task 
(Monsell, 2003). This cost stems from the high demands that are posed on the executive 
control system for the coordinated operation of the different processes that are involved 
during task switching (Funahashi, 2001). That is, first, contextual sensory inputs (such 
as visual information about the cyclists in the example given above) have to be 
processed to infer the current task goal: is the goal still the same, or did the goal change? 
In a laboratory setting, these sensory inputs are usually represented by cues that indicate 
the current task goals. Once the current task goals are determined, the relevant task set, 
which is ‘a collection of control settings or task parameters that program the system to 
perform processes such as stimulus identification, response selection, and response 
execution’, needs to be applied (Logan and Gordon, 2001; Rogers and Monsell, 1995). 
This may be the same task set as during the previous trial, if the task goal is still the 
same, or alternatively a switch between task sets may be required if the task goal has 
changed. An introduction to typical task switching paradigms, and how these can be 
used to measure performance costs, can be found in Box 1. 
Because of the high levels of executive control required during task switching, 
this skill activates a large-scale neural network. Cortically, this network includes mainly 
frontal regions such as the anterior cingulate cortex, (pre)supplementary motor area, 
(dorso)lateral prefrontal cortex and right inferior frontal gyrus, but also parietal regions 
such as the posterior and superior parietal cortices are involved (Dosenbach, et al., 2006; 
Dove, et al., 2000; Hikosaka and Isoda, 2010; Kim, et al., 2012; Rushworth, et al., 2002; 
Sakai, 2008; Wager, et al., 2004; Yeung, et al., 2006). On a subcortical level, particularly 
the subthalamic nucleus and the striatum (both being input zones of the basal ganglia) 
are involved during switching, interacting closely with the frontal cortex (Coxon, et al., 
2010; Hikosaka and Isoda, 2010; Leunissen, et al., 2013; Neubert, et al., 2010; van 
Schouwenburg, et al., 2013).  
While multiple studies, such as those mentioned above, investigated the role of 
different key brain regions during task switching, the role of the different white matter 
tracts that connect them remains rather unclear. The importance of white matter 
connections during task switching is illustrated by studies relating white matter damage 
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Box 1. Introduction to task switching paradigms 
Task switching was initially studied by means of the paradigm developed by Jersild 
(1927), which involved comparing performance during two types of conditions: in the 
single task blocks, participants had to repeatedly perform one simple task (e.g., 
adding 3 to each number), whereas in the switching blocks, participants had to rapidly 
alternate between two simple tasks (e.g., alternate between adding 3 and subtracting 
3). Results showed that responses were slower and more error-prone in switching 
blocks (Jersild, 1927; Spector and Biederman, 1976).  
In the mid 1990’s, research on task switching was further energized by an adapted 
paradigm introduced by Rogers and Monsell, namely the alternating-runs paradigm. 
Here, the order of the trials within the switching blocks was adapted: the task demands 
now altered only after a (fixed or variable) number of trials, giving rise to task-
repetition and task-switch trials within this switching block (Rogers and Monsell, 
1995). Two types of performance costs can be assessed with this paradigm: a switch 
cost and a mixing cost. On the one hand, switch cost refers to the increase in reaction 
times or errors on task-switch as compared with task-repetition trials (thus, within the 
switching block). This performance cost on task-switch trials has been associated with 
the active configuration of a task set. On the other hand, mixing cost refers to the 
increase in reaction times or errors in switching blocks as compared with single task 
blocks. This cost has mainly been associated with the active maintenance of multiple 
task sets in working memory (Sakai, 2008).  
Finally, with the advent of more and more computerized task switching paradigms, 
cueing procedures are nowadays most frequently used. These are similar to the 
alternating-runs procedure but with a cue indicating which task needs to be performed. 
In addition to the classical switch and mixing costs, a large variety in switching 
performance measures has emerged for these cued switching tasks. 
 
to impaired functional engagement (Leunissen, et al., 2013) and communication 
between some of the key regions during switching tasks (Jilka, et al., 2014).  
Diffusion tensor imaging (DTI), a non-invasive magnetic resonance imaging 
technique that enables the assessment of white matter microstructural organization in 
vivo (Basser and Pierpaoli, 1996; Tournier, et al., 2011), has been found to be a valuable 
tool for the investigation of the relation between microstructural properties of specific 
white matter tracts and task switching performance. The advantage of non-invasive 
techniques is that they can be applied systematically in a large number of samples and 
participants. Therefore, progress is not solely dependent on occasional lesion studies. A  
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Box 2. Diffusion tensor imaging 
In white matter tracts, water diffusion is directionally restricted. The degree of this 
restriction is influenced by various microstructural tissue properties, such as fiber 
diameter, density, and degree of myelination (Beaulieu, 2002; Jones, et al., 2013). By 
characterizing the directionality and rate of diffusion of water within tissue, diffusion 
tensor imaging (DTI) enables the assessment of white matter microstructural 
organization in vivo (Basser and Pierpaoli, 1996; Tournier, et al., 2011). Using DTI, 
different parameters can be obtained that yield complementary information. The most 
frequently used DTI measure is fractional anisotropy (FA), indicating the degree to 
which water diffusion is directionally restricted. FA values range from 0 to 1. Values 
closer to 1 reflect more restriction, and thus higher FA values can be interpreted as 
‘more’ organized tissues. On the other hand, mean diffusivity (MD) reflects the 
average magnitude of diffusion (Alexander, et al., 2007; Jones and Basser, 2004). 
Higher MD values reflect increased free diffusion, and thus loss of organization. 
Further, axial diffusivity (AD) represents diffusivity along the main direction of the 
white matter tract, and radial diffusivity (RD) assesses diffusion perpendicular to it. 
As there is always more diffusion along the main direction as compared with the 
perpendicular one, AD is always larger than RD (unless when FA = 0, indicative of 
maximal isotropic diffusion) (Alexander, et al., 2007; Jones and Basser, 2004). 
Increases in AD have been related to axonal damage or loss, whereas increases in 
RD appear to be more specific to demyelination (Budde, et al., 2007; Nair, et al., 
2005; Song, et al., 2003; Song, et al., 2002; Song, et al., 2005; Sun, et al., 2006). 
However, more evidence is required to support these claims. Important to note, fiber 
architectural complexity influences DTI measures. Therefore, the underlying anatomy 
should always be taken into account when interpreting them in terms of specific 
underlying microstructural properties (De Santis, et al., 2014). 
 
brief description of DTI, its parameters, and the interpretation of these parameters is 
provided in Box 2. A more elaborate description of this technique is offered by 
Alexander, et al. (2011). However, pertinent DTI studies published so far are very 
heterogeneous in terms of methods used to assess task switching performance. 
Moreover, the term ‘task switching’ is used to label many conceptually different tasks. 
These concerns impede the comparability and generalizability of reported findings and 
compromise the generation of a consistent view of white matter tracts involved in task 
switching. Hence, the aim of the present paper is to provide a comprehensive and 
coherent perspective of the white matter connections that have been related to 
performance on specific task switching paradigms using DTI. By discussing evidence 
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for the specific associations between different white matter structures and task switching 
performance in the context of age-related and pathology-induced alterations in 
microstructure, we aim to identify the emergent white matter connections that appear 
relevant for successful task switching performance. 
Methods 
Study selection 
Studies were identified via online searches for peer-reviewed English language studies 
from 1995 through February, 2015, in the databases EMBASE, PubMed and Web of 
Science. Studies were included if they addressed the associations between 
microstructural properties of white matter connections, obtained using DTI, with task 
switching performance. We considered studies involving healthy participants across the 
adult lifespan. To obtain supporting evidence for specific white matter tracts being 
involved in task switching, we also considered studies within patient samples suffering 
from pathologies that are characterized by white matter alterations, such as attention-
deficit hyperactivity disorder, traumatic brain injury, cerebral palsy, Huntington’s 
disease, multiple sclerosis, Alzheimer’s disease and Parkinson’s disease (for an 
overview, see supplementary material of Fields, 2008). Since these patient groups show 
both white matter deterioration and impaired task switching performance, it may be 
hypothesized that these declines are related.  
Further, as mentioned in the introduction, several factors impede the 
comparability and generalizability of results between studies, one of the most important 
being the heterogeneity that exists among tasks which are all referred to as ‘switching 
tasks’. To overcome this complication, we only included studies that used comparable 
task switching paradigms and hence required similar cognitive processing. Accordingly, 
task switching paradigms included in this review had to: (a) enable the isolation of task 
switching components in order to remove confounding cognitive processes as much as 
possible, and (b) require the determination of the current task goals on each trial, because 
this process has been shown to substantially contribute to performance costs during task 
switching (Logan and Bundesen, 2003). With regard to criterion (a), the Trail Making 
Test (Spreen and Strauss, 1991) and variations hereof, which are typically used as 
diagnostic tools in clinical populations, were not included because they require a 
(predictable) switch on every trial. With regard to criterion (b), switching tasks requiring 
for example rule acquisition, such as the frequently used Wisconsin Card Sorting test 
(Berg, 1948), were not included because these tasks do not enable isolation of the task 
switching from the problem solving (i.e., rule acquisition based on trial and error) 
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component. Alternatively, although the D-KEFS Color Word Interference test (Kaplan 
and Kramer, 2001) and the NEPSY II Inhibition test (Korkman, et al., 2007) include an 
inhibition on top of a task switching component, these tasks did meet the inclusion 
criteria because the task switching component could be isolated by correcting 
performance for the score on a task block including only inhibition trials. 
As a final step, references that were solicited in all selected studies were checked 
for further studies suitable for inclusion. Ultimately, 12 studies were included in this 
review. Details of these studies are offered in Table 1 and a brief description of their 
task switching paradigms along with their outcome scores is provided in Box 3.  
Of note, although multiple DTI studies have investigated the relations between 
white matter microstructure and task switching performance in patient samples suffering 
from pathologies that are characterized by white matter alterations, most of them did not 
meet our task switching paradigm requirements, e.g., in mild cognitive impairment (Bai, 
et al., 2009; Chen, et al., 2009; Grambaite, et al., 2011), in temporal lobe epilepsy 
(Kucukboyaci, et al., 2012), in CADASIL patients (O'Sullivan, et al., 2005), in 
Parkinson’s disease (Auning, et al., 2014; Theilmann, et al., 2013), in frontal variant 
dementia (Borroni, et al., 2007) and in small vessel disease (van Norden, et al., 2012). 
As a consequence, the only patient groups that were included in the current review were 
patients with traumatic brain injury (Caeyenberghs, et al., 2011; Kurowski, et al., 2009; 
Leunissen, et al., 2014; Leunissen, et al., 2013), and patients with attention-deficit 
hyperactivity disorder (ADHD; van Schouwenburg, et al., 2014).  
Review 
Results of the reviewed studies will be categorized into 4 sections: studies investigating 
associations between structural properties of specific white matter tracts and task 
switching performance (a) during childhood, (b) during young adulthood, (c) during 
aging, and (d) in patient groups. The underlying assumption here is that age-related or 
pathology-induced alterations of white matter connections and their associated 
behavioral consequences might offer converging evidence for these brain-behavior 
relations.  
Next, in the discussion, we synthesize the information extracted from these 
studies to explore whether there are specific white matter tracts that are consistently 
related to task switching performance. In doing so, we take into account that the type of 
outcome score used to assess task switching performance is likely to influence the 
obtained brain-behavior relations. For example, some researchers use timed 
performance as outcome scores, while others use efficiency scores as outcome measures. 
Longer reaction times are the result of slower, but still potentially accurate information 
processing. In contrast, an incorrect response is the result of the system inaccurately 
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Table 1. Studies on the associations between task switching performance and diffusion tensor imaging parameters. 
 
Note: SD: standard deviation; DTI: diffusion tensor imaging; FA: fractional anisotropy; MD: mean diffusivity; AD: axial diffusivity; 
RD: radial diffusivity; D-KEFS: Delis-Kaplan Executive Function System; NEPSY: NEuroPSYchologica; TBI: traumatic brain injury; 
ADHD: attention-deficit hyperactivity disorder 
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Box 3. Description of the included task switching paradigms 
The first two studies described in this review used standardized neuropsychological tests 
to assess task switching performance in children: on one hand, Seghete, et al. (2013) used 
the D-KEFS (Delis-Kaplan Executive Function System) Color Word Interference 
test. During the switching block of this test, names of colors appear in a different ink 
color than the color named (for example, the word ‘green’ appears in a blue ink color), 
and participants have to switch between naming the color of the word and reading the 
word. On the other hand, Treit, et al. (2014) used the NEPSY (NEuroPSYchologica) II 
Inhibition test, in which a series of black or white arrows is presented, and participants 
have to switch between naming the correct (in case of a white arrow) or opposite (in case 
of a black arrow) direction of the arrow. As both of these tests require the inhibition of 
automatic responses on top of switching processes, the switching outcome scores are 
corrected for performance on a block including only inhibition trials. Next, a task 
switching paradigm that is frequently used by the included studies is categorization. 
During a word categorization task of Madden, et al. (2009b), participants had to 
categorize target words as either manmade/natural or as larger/smaller than a computer 
monitor (single task blocks), or switch between these tasks (switching blocks). Outcome 
scores were drift rate, which is a measure of quality of decision information (higher = 
better), and nondecision time, which reflects the time required for perceptual-motor 
processes. During a letter-number categorization task (Gold, et al., 2010), participants 
were presented with number-letters pairs (e.g., ‘4e’), and had to categorize the letter as a 
consonant or vowel, categorize the number as odd or even, or switch between these tasks. 
During a digit categorization task (Kennedy and Raz, 2009), participants had to switch 
between indicating whether a digit was more or less than 5, and whether it was odd or 
even. Further, two of the included studies employed a shape-color switching task, which 
implied identifying the shape, the color, or switching between these two tasks, of cartoon-
like faces (Kurowski, et al., 2009) or geometrical shapes (Zhu, et al., 2014). Similarly, 
during a local-global switching task, participants were presented with a ‘global’ square 
or rectangle, composed of much smaller ‘local’ squares or rectangles, and had to identify 
the shape (square or rectangle) of the global figure, the shape of the local figures, or 
switch between these tasks (Leunissen, et al., 2014; Serbruyns, et al., (in preparation)). 
Next, during an attention switching task (van Schouwenburg, et al., 2014), participants 
were presented with a series of stimulus pairs, each consisting of a picture of a scene with 
a superimposed face. Participants had to pay attention to either the scenes or the faces, 
and had to continuously select the stimuli with the same scene (or face). However, upon 
the presentation of a novel stimulus, attention has to be switched from the faces to the 
scenes or vice versa. Switch likelihood served as outcome measure, with higher values 
being indicative of higher accuracy. Finally, Caeyenberghs, et al. (2011) and Leunissen, 
et al. (2013) used a switching task requiring complex motor output, namely a bimanual 
motor switching task. During this task, participants had to make spatially and temporally 
coupled bimanual circular motions, and reverse or continue the right hand’s circling 
direction upon a visual cue. On top of switch reaction time (i.e., time for reversal of the 
right hand), the duration of spatial disruptions of the contralateral hand (i.e., involuntary 
reversal or slowing of the left hand) served as outcome score for this task. 
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processing information. These are two different properties reflecting suboptimal  
information processing of a system, and may therefore relate to different neural 
mechanisms. Hence, outcome scores were classified into two types according to the 
following procedure. Outcome scores that were based on timed performance, or mixing 
or switch costs herein, were classified as ‘reaction time’ scores. Scores that were based 
on efficiency, or related measures, were classified as ‘efficiency’ scores. Further, to aid 
the interpretation of the reported results, we also report the relations that have been 
investigated but were reported not to be significant.  
To conclude, we propose some future perspectives and potential challenges that 
will be required to fill the gaps of knowledge that this review reveals.  
Results 
Childhood 
Task switching abilities improve considerably during childhood (e.g., Crone, et al., 
2006; Davidson, et al., 2006; Gupta, et al., 2009). At the same time, early development 
coincides with brain white matter microstructural changes (Barnea-Goraly, et al., 2005). 
Only recently, studies have started to use DTI to explore whether there is an association 
between these alterations in task switching performance and white matter microstructure 
during childhood (Kurowski, et al., 2009; Seghete, et al., 2013; Treit, et al., 2014).  
The youngest group in which switching performance was related to DTI 
parameters were children between 6 and 9 years of age who suffered orthopedic injury, 
serving as a control group in a study on traumatic brain injury of Kurowski, et al. (2009). 
In this group, higher efficiency scores on a shape-color switching task correlated with 
higher fractional anisotropy (FA) values in the left frontal lobe, indicative of more 
microstructural organization. In contrast to the experimental shape-color switching task, 
the next two studies used standardized neuropsychological tests to assess task switching 
performance. Seghete, et al. (2013) examined the association between white matter 
microstructure and efficiency on the switching block of the D-KEFS Color Word 
Interference test in a large group of children and young adolescents aged 10–16 years, 
controlling for age and IQ. Multiple brain-behavior relations were observed. Higher 
efficiency was related to higher FA (and lower diffusivity) values of the left superior 
corona radiata and right precentral gyrus white matter across all participants (aged 10-
16 years), and of the left anterior corona radiata in the youngest age group only (aged 
10-11 years). Counterintuitively, they also found that higher FA values and lower radial 
diffusivity (RD, supposedly indicative of more myelination) values in the splenium of 
the corpus callosum were related to lower performance across all participants. 
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Additionally, Treit, et al. (2014) explored white matter correlates of performance (time 
and errors) on the switching block of the NEPSY-II Inhibition test in children and young 
adolescents (5-16 years old). Although whole brain voxel-based analysis revealed 
several clusters in posterior brain regions (splenium and left cingulum; left occipital 
blade; posterior limb of the internal capsule) and one in the brain stem (right cerebral 
and cerebellar peduncle) in which higher FA values were related to better performance, 
no significant relations between FA of individual tracts running through these clusters 
(as obtained by using tractography) and performance were found.  
Young adulthood 
Throughout young adulthood, task switching performance seems to remain relatively 
stable (e.g., Baltes and Lindenberger, 1997; Cepeda, et al., 2001; Schaie, 1996). 
Nevertheless, inter-individual variability in task switching performance is observed, and 
has been related to individual white matter properties. Although so far not investigated 
in young adults studies specifically, information on this matter was extracted from 
studies that explored this association in young adults groups serving as controls for older 
adults groups (Gold, et al., 2010) or TBI patients (Caeyenberghs, et al., 2011; Leunissen, 
et al., 2014; Leunissen, et al., 2013).  
The first two studies used tasks in which the presented stimuli had to be 
categorized according to rules that switched between the different trials. Gold, et al. 
(2010) revealed a link between lower mixing costs in reaction time on a letter-number 
categorization task and higher superior longitudinal fasciculus FA values in young 
adults. Complementary to this, Leunissen, et al. (2014) investigated the relations 
between cortico-subcortical tracts and performance (switch cost in reaction time and 
switch accuracy) on a local-global switching task in young adults (healthy controls), but 
found no significant relations. Further, two studies explored white matter correlates of 
performance on a bimanual motor switching task in young adults (healthy controls). 
Caeyenberghs, et al. (2011) focused on the microstructure of 7 functionally distinct 
subregions of the corpus callosum and found no relation between subregional FA values 
and performance (switch reaction time of the right hand, and the duration of spatial 
disruptions in the left hand). In addition, Leunissen, et al. (2013) focused on the role of 
cortico-subcortical tracts, and found that higher FA values of the tracts interconnecting 
presupplementary motor area, inferior frontal cortex and subthalamic nucleus were 
related to better performance (lower switch reaction times or variability herein).  
  
LITERATURE REVIEW: WHITE MATTER MICROSTRUCTURE AND TASK SWITCHING 
119 
Aging 
Older adults show deterioration of task switching performance (for a review, see 
Wasylyshyn, et al., 2011). This is especially expressed by increased mixing costs during 
aging, whereas switch costs appear to stay rather constant. A handful of studies 
examined the relations between mixing or switch costs in older adults and white matter 
properties (Gold, et al., 2010; Kennedy and Raz, 2009; Madden, et al., 2009b; 
Serbruyns, et al., (in preparation); Zhu, et al., 2014). All these studies used tasks in which 
the presented stimuli had to be categorized according to rules that switched between the 
different trials. 
Zhu, et al. (2014) found that, across young and older participants, lower FA 
values in both the genu and splenium of the corpus callosum, corresponded with longer 
reaction times on the switching condition of a shape-color switching task. Also 
combining a young and older adult group, but using partial correlations to control for 
the effect of age, Madden, et al. (2009b) found a link between lower switching 
performance (quality of decision information on a word categorization task) and lower 
FA values in two regions: the central portion of the genu and right splenium (parietal) 
fibers of the corpus callosum. Based on these results, they additionally performed 
mediation analyses to investigate whether lower FA values in these regions explained 
the relation between higher age and lower performance. Results were significant, 
indicating that age-related microstructural alterations in these two regions partly explain 
the deterioration of task switching performance with aging. Next, Gold, et al. (2010) 
found that across a young and older adults group, a higher mixing cost in reaction time 
on a letter-number categorization task was related to lower FA values in white matter of 
a pericallosal frontal region containing connections between lateral prefrontal cortex and 
striatal nuclei, and in the bilateral superior longitudinal fasciculus. Further, using 
mediation analyses, they found that age-related decreases in FA values in the left 
superior longitudinal fasciculus contributed to the observed performance declines with 
aging. Kennedy and Raz (2009) explored relations between FA and mean diffusivity 
(MD) values in a large selection of regions of interest and switching performance across 
the adult lifespan (19-81 years). They observed that higher switch costs in reaction time 
on a digit categorization task were associated with higher MD values of the genu of the 
corpus callosum and superior/posterior parietal white matter, and lower FA values of 
the superior frontal gyrus and occipital white matter (all indicative of loss of 
microstructural organization in these regions). Finally, a recent study by our group 
(Serbruyns, et al., (in preparation)) used RD to investigate mediation effects of age-
related brain white matter alterations in a selection of white matter tracts in switching 
declines (higher mixing costs in reaction time on a local-global task) across the adult 
lifespan. No mediation effects were found.  
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Patient groups 
As mentioned in the method section, direct relations between indices of white matter 
structure and performance on task switching paradigms that met the inclusion criteria of 
the current review, have so far only been investigated in patients with traumatic brain 
injury (TBI; Caeyenberghs, et al., 2011; Kurowski, et al., 2009; Leunissen, et al., 2014; 
Leunissen, et al., 2013) and with attention-deficit hyperactivity disorder (ADHD; van 
Schouwenburg, et al., 2014).  
The first three studies that we describe used tasks in which the presented stimuli 
had to be categorized according to rules that switched between the different trials. First, 
Kurowski, et al. (2009) explored white matter correlates of switching efficiency on a 
shape-color switching task in a group of young TBI patients (6-9 years). In this group, 
lower switching efficiency scores were found to correlate with lower FA values in the 
bilateral frontal lobes. Second, focusing on cortico-subcortical tracts in TBI patients 
aged 16-34, Leunissen, et al. (2014) found a relationship between lower local-global 
task performance (higher switching costs) and lower FA in the superior corona radiata, 
or more specifically, its tracts connecting the frontal cortex with the striatum and 
thalamus. Third, in a group of ADHD patients and healthy controls around 30 years old, 
van Schouwenburg, et al. (2014) investigated relations between white matter 
microstructure (FA) in the basal ganglia and switch likelihood on an attention switching 
task. Across both groups, relations were found between lower performance and lower 
(local) FA values in two clusters in the basal ganglia. Using fiber tracking, it was shown 
that these clusters projected to regions in the prefrontal cortex. In the final two studies, 
performance on a bimanual motor switching task was related to FA values of different 
subregions of the corpus callosum (Caeyenberghs, et al., 2011) and of cortico-
subcortical tracts (Leunissen, et al., 2013) in young adults with TBI. On one hand, lower 
FA values in the primary sensory subregion of the corpus callosum correlated with 
shorter switch reaction times, and lower FA values in the parietal corpus callosum 
subregion with higher interlimb interference (i.e., longer contralateral disruptions) 
(Caeyenberghs, et al., 2011). On the other hand, Leunissen, et al. (2013) found no 
significant relations between performance and FA values of cortico-subcortical tracts.  
Discussion 
Trends in reported associations: which tracts matter? 
This review is the first to offer a detailed overview of the literature on associations 
between white matter structure and task switching performance for different age groups 
and pathologies. Here we synthesize the information extracted from the literature to 
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explore whether there are specific white matter tracts that are consistently related to task 
switching performance. Table 2 summarizes associations between white matter structure 
and task switching outcome scores. Results for studies that used outcome scores based 
on reaction time or on efficiency are separated. This classification enabled us to 
investigate whether distinct white matter connections have been associated with these 
two different outcome scores. 
To start, this review shows that studies covering different age ranges and patient 
groups show a large variety in reported relations between fiber tracts and task switching 
performance. This underscores that these brain-behavior associations are complex, and 
that successful task switching is likely to rely on successful information transfer via 
different tracts. This is not surprising, as it is has previously been shown that relations 
between white matter and performance in different cognitive domains such as 
processing speed and memory do not exhibit a high degree of regional specificity 
(Madden, et al., 2012; Madden, et al., 2009a). Moreover, development, maturation and 
pathology probably affect different tracts throughout the brain simultaneously. It is 
therefore extremely challenging to isolate the relative contribution of these maturational 
or degenerative changes in accounting for performance differences. Nevertheless, 
although evidence for causal relations is generally lacking, most studies converged on 
the notion that white matter structural maturation during child development is related to 
performance increases, whereas performance deterioration seems to coincide with 
degenerative white matter changes during aging and in patient groups. Further, some 
trends in reported associations could be observed, as discussed next. 
First, it is well-established that executive control depends on frontal lobe 
functioning (Stuss, 2011). Accordingly, ‘executive’ and ‘frontal lobe’ functioning are 
often used synonymously. Also during task switching, multiple frontal regions show 
increased activity, some in a task-general and others in a task-specific manner 
(Dosenbach, et al., 2006; Dove, et al., 2000; Hikosaka and Isoda, 2010; Kim, et al., 
2012; MacDonald, et al., 2000; Rushworth, et al., 2002; Sakai, 2008; Wager, et al., 2004; 
Yeung, et al., 2006). Three studies explored correlations between switching 
performance and microstructural properties of short association fibers connecting some 
of the distinct regions in the frontal lobes (Kennedy and Raz, 2009; Leunissen, et al., 
2013; Seghete, et al., 2013). More organized superior frontal gyrus white matter was 
related to faster switching performance in participants across the adult lifespan 
(Kennedy and Raz, 2009). In addition, more organized precentral gyrus white matter 
was related to better switching efficiency in children (Seghete, et al., 2013). Finally, a 
role for frontal white matter organization was supported by a study in TBI patients 
showing that more organized white matter connecting the inferior frontal cortex with 
the presupplementary motor area in these patients was related to faster and more 
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Table 2: Overview of reported associations between diffusion tensor imaging parameters and task switching performance. 
 
Note: The reference numbers in this table correspond to the numbers of the studies as used in Table 1. Bold (black) values represent 
significant associations; gray values represent non-significant associations. FA: fractional anisotropy; MD: mean diffusivity; AD: axial 
diffusivity; RD: radial diffusivity 
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efficient switching (Leunissen, et al., 2013). In view of these results and the indubitable 
involvement of frontal areas during task switching, it is very surprising that only few 
studies have investigated the associations between frontal structure and task switching 
performance in further detail. Thus, although we present evidence for an involvement 
of frontal white matter structures in task switching performance, further research 
disentangling the significance of different frontal fiber connections for task switching 
performance should be performed.  
Unlike focusing on the frontal lobe only, recent studies have stressed the 
importance of cognitive functioning depending on cortico-subcortical interactions 
(Frank and Badre, 2012; Hazy, et al., 2007). It has long been known that cortical and 
subcortical structures interact closely for achieving motivated action selection 
(Alexander, et al., 1986; Deniau and Chevalier, 1985). Initially, the basal ganglia were 
assigned a selective gating function in the context of motor control, which comprised 
selecting and ‘releasing the brakes’ on the appropriate motor action plan among multiple 
competing plans offered by the frontal cortex (Chevalier and Deniau, 1990). More 
recently this gating function has been extended to the cognitive domain (Frank and 
Badre, 2012; Hazy, et al., 2007). Also in the context of task switching specifically, basal 
ganglia activation has been associated with performance (Coxon, et al., 2010; Hikosaka 
and Isoda, 2010; Leunissen, et al., 2013; Neubert, et al., 2010; van Schouwenburg, et 
al., 2013). Moreover, recent evidence shows that during task switching, the basal ganglia 
rapidly and selectively update frontal task-relevant representations by combining 
enhanced task-relevant processing with suppressed task-irrelevant processing (van 
Schouwenburg, et al., 2013). Results from the reviewed studies add to this knowledge 
by indicating that structural properties of the tracts that enable this crucial cortico-
subcortical interaction are associated with both efficiency (Seghete, et al., 2013; van 
Schouwenburg, et al., 2014) and speed of task switching performance (so far only 
reported in TBI patients; Leunissen, et al., 2014; Leunissen, et al., 2013). 
The pattern of reported correlations between corpus callosum structure and 
switching performance is less straightforward. With regard to task switching 
performance measures based on reaction time, some significant associations with 
structural properties of callosal genu, body and splenium fibers have been reported 
(Caeyenberghs, et al., 2011; Kennedy and Raz, 2009; Zhu, et al., 2014). However there 
are also some reports of non-significant relations with these fibers (Caeyenberghs, et al., 
2011; Gold, et al., 2010; Kennedy and Raz, 2009; Leunissen, et al., 2013; Serbruyns, et 
al., (in preparation)). There appears to exist some variability among the different 
switching tasks in dependence on interhemispheric communication, as different tasks 
were used in the above mentioned studies. This might be explained by differences in 
cognitive load placed on stimuli processing, on control over action, or on motor output 
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processes required for a specific switching task. In contrast, with regard to task 
switching performance measures based on efficiency, a rather strong trend of 
associations with FA values of callosal splenium fibers, connecting left and right 
parietal, occipital, and temporal cortices can be observed (Caeyenberghs, et al., 2011; 
Madden, et al., 2009b; Seghete, et al., 2013; Treit, et al., 2014). Particularly the parietal 
cortices have been suggested to play a key role during task switching. More specifically, 
results from meta-analyses indicate parietal involvement during task switching 
irrespective of the kind of switch being performed (Kim, et al., 2012; Wager, et al., 
2004). This parietal involvement seems crucial for shifting visuospatial attention 
(Corbetta and Shulman, 2002; Cutrell and Marrocco, 2002; Serences, et al., 2004; 
Yantis, et al., 2002). Less well-known but potentially also important for switching 
performance, is the involvement of the parietal cortex in motor attention, which denotes 
the allocation of attention to the somatosensory guidance of the limbs during goal 
directed behavior and the coupling between them (Procacci, et al., 2009; Rushworth, et 
al., 2003; Rushworth, et al., 2001). The current review indicates that not only activation, 
but likely also communication between left and right parietal cortices via the splenium 
is important for task switching performance and particularly efficiency.  
Finally, extensive research has shown that a distributed frontoparietal network is 
activated during task switching (for a review, see Kim, et al., 2012). Therefore, it could 
be expected that performance is related to the structure of the superior longitudinal 
fasciculus, which is the main tract connecting these regions. However, up to now, there 
is only very little evidence supporting this hypothesis. That is, although mediation 
analyses by Gold, et al. (2010) indicated that FA declines in the superior longitudinal 
fasciculus with increasing age contribute to slowing of task switching performance, 
several other studies reported non-significant structure-behavior relations with this tract, 
or other long association tracts (Kurowski, et al., 2009; Leunissen, et al., 2014; Madden, 
et al., 2009b; Serbruyns, et al., (in preparation)). It thus seems that successful task 
switching performance is not per se associated with structural properties of long 
association tracts.  
Future perspectives and potential challenges  
In this review, we aimed to offer a comprehensive and consistent perspective on which 
specific white matter connections are crucial for successful task switching performance. 
Accordingly, we described the relations between DTI parameters and task switching 
performance that have been reported within different age and patient samples, and 
synthesized these results. With the aim of reducing the large heterogeneity in terms of 
methods that are used by the studies, which impedes the comparability and 
generalizability of their findings, we only included studies with specific task switching 
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paradigms. Moreover, we investigated whether distinct white matter connections have 
been associated with either speed or efficiency of task switching performance. However, 
reviewing these studies highlighted some important concerns which still complicate the 
interpretation of the reported findings. An important challenge for the near future is to 
overcome some of these limitations, as is discussed next. 
The first concerns refer to the statistical approaches that have been used in the 
described studies. Different covariates, such as gender and IQ, have previously been 
shown to influence brain-behavior relations (e.g., Burgaleta, et al., 2012; Dunst, et al., 
2014; Haier, et al., 2005). The described studies show no consistency in terms of 
covariates controlled for. Therefore, further identification of relevant covariates and 
better control of these factors would be beneficial in the search for consistent 
associations between white matter structure and task switching performance. 
Additionally, when the aim is to determine whether maturation or deterioration of white 
matter (partly) explains performance in- or decreases, mediation analyses (Preacher and 
Hayes, 2004; Salthouse, et al., 2003) are recommended over the use of correlational 
approaches. That is, white matter microstructure can in one mediation model equation 
be modeled as depending on age, and in other components of the model as independent 
predictor of performance. Hence, mediation models enable the investigation of the 
reciprocal role of white matter microstructure. This cannot be achieved by correlational 
approaches in which a clear distinction between dependent and independent variables 
exists. In the context of white matter structure and switching performance, so far 
mediation analyses have only been used in the aging literature, and thus inclusion of 
mediation analyses would be desirable particularly in studies investigating child 
development and studies with patients. Further, as neither correlational approaches nor 
mediation analyses can be employed to investigate causal mechanisms, training studies 
are needed to investigate whether white matter structural changes cause changes in task 
switching performance.  
Second, in contrast to functional MRI studies, structural imaging studies have 
hardly addressed the specific features of task switching paradigms. Kim, et al. (2012) 
and Wager, et al. (2004) concluded from their meta-analyses of functional MRI studies 
that there are brain regions contributing to switching in a domain-general manner, 
whereas other brain regions are relatively specialized for particular kinds of task 
switching. In the current review, we intended to reduce the variability in specific features 
of task switching paradigms by using strict inclusion criteria, to determine white matter 
tracts that are specifically involved in task switching. However, this approach did not 
allow us to investigate whether there are white matter connections that are important for 
task switching in a domain-general or domain-specific manner. Hence, to answer the 
question which tracts may be domain-specific and which may be domain-general, 
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further research would be desirable. Such research may take advantage of the 
information presented in this review. This includes information about which white 
matter tracts have been associated with which specific switching tasks, which could be 
used as a guide for the selection of white matter regions of interest and task switching 
paradigms. 
Third, fundamental to understanding the functional relevance of white matter 
connections, is the correct characterization of their structural properties. So far, most 
studies have reconstructed local fiber architecture using the diffusion tensor model for 
tractography of white matter pathways. However, despite the large popularity of this 
method, the tensor model bears limitations in modeling complex microstructure within 
a voxel to the extent that it only models the principal diffusion direction and assumes 
that diffusion has a Gaussian profile (Jones, et al., 2013). Recent methodological 
advances have aimed at improving the resolving of multiple fiber directions within a 
single voxel by improving sampling of the 3D q-space. These include (but are not 
limited to) diffusion spectrum imaging (DSI) (Wedeen, et al., 2005; Wedeen, et al., 
2008), high-angular–resolution diffusion imaging (HARDI) (Frank, 2001), spherical 
deconvolution (Jeurissen, et al., 2011; Tournier, et al., 2008), and q-ball imaging (Tuch, 
2004; Tuch, et al., 2003). Although very promising, obtaining more detailed diffusion 
information requires long scan durations and specialized hardware, which provides DTI 
with a distinct advantage in terms of practical feasibility. Nonetheless, it is probably 
only a matter of time before new developments in accelerated sequences will help 
overcoming these limitations.  
Finally, a growing interest has recently emerged in combining structural imaging 
with task-based or resting-state functional activation and connectivity, i.e., multimodal 
imaging. This fusion of methods has already proven great applicability in the cognitive 
and clinical neuroscience fields (Teipel, et al., 2009; Zhu, et al., 2013). To further 
advance our understanding of how brain structure and function influence task switching 
performance, an important direction for future research will thus be to combine 
structural imaging with additional neuroimaging techniques. 
Conclusions 
In summary, a large heterogeneity in reported relations between microstructure of 
specific white matter connections and task switching performance exists, which 
underscores that these brain-behavior associations are complex. Nevertheless, some 
trends in reported associations could be observed showing that (a) different frontal and 
cortico-subcortical fiber connections seem to be crucial for both speed and efficiency of 
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task switching performance, (b) interhemispheric communication via the splenium of 
the corpus callosum mainly seems to be crucial for switching efficiency, whereas for 
switching reaction time, the relation with different parts of the corpus callosum seems 
to vary according to task characteristics, and (c) a presumed role for long association 
tracts during task switching is hardly supported by the research literature. Finally, this 
review highlighted some important concerns which complicate the interpretation of 
reported findings, and proposed some future perspectives to overcome these concerns. 
It is anticipated that progress along these avenues will contribute to the further 
identification of the relative contribution of different white matter pathways in task 
switching performance.  
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Abstract 
Successfully switching responses to varying behavioral demands is critical in many 
daily activities. Age-related slowing of switching performance has been documented 
extensively, but the underlying neural mechanisms remain unclear. We investigated the 
contribution of age-related brain white matter changes to switching performance 
decline. Radial diffusivity (RD) and magnetization transfer ratio (MTR), obtained using 
diffusion tensor imaging and magnetization transfer imaging, respectively, were 
selected as white matter measures because of their suggested sensitivity to myelin 
(among other structural) alterations. These metrics were related to mixing cost (i.e., the 
increase in reaction time in task blocks that require task switching) on a local-global 
switching task in young (n=24) and older (n=22) adults. Results showed that advancing 
age was associated with slowing of switching performance (higher mixing cost), and 
with widespread increases in RD and decreases in MTR, which could be indicative of 
white matter deterioration. Finally, mediation analyses demonstrated that age-related 
decreases in MTR of the bilateral superior corona radiata contribute to slowing of 
switching performance with advanced age. These findings provide evidence for a role 
of cortico-subcortical white matter changes in task switching performance declines with 
healthy aging.   
CHAPTER 4 
140 
Introduction 
In daily functioning, we have to deal with a constant stream of incoming stimuli. 
Flexibly adjusting our responses to these stimuli, depending on the context, is essential 
for successful behavior. This skill, called ‘task switching’, relies on various processes, 
and the coordination of these different processes poses high demands on the executive 
control system (Funahashi, 2001). This explains why, in general, task switching comes 
with a ‘cost’. That is, switching between tasks is slower and more error-prone than 
repeating a task (Monsell, 2003). In older adults, deterioration of task switching 
performance has been documented extensively (for a review, see Wasylyshyn, et al., 
2011), which impacts their functional independence and well-being as it interferes with 
many daily activities.  
Because task switching poses high demands on executive control, it activates a 
distributed network of brain regions. White matter connections are crucial for the 
information transfer between these brain regions, and myelination of these connections 
promotes fast conduction of the information (Fields, 2008). However, it has been 
suggested that myelin degenerates during aging (Albert, 1993; Marner, et al., 2003; 
Peters, 2002; Tang, et al., 1997), and this might contribute to slower and less efficient 
behavior (Bartzokis, et al., 2010). Therefore, in the current study, we investigated the 
contribution of age-related alterations in specific white matter connections, possibly 
related to demyelination, to slowing of task switching performance in older adults. 
Eight white matter regions of interest (ROIs) were selected based on (a) their 
connections with (sub)cortical regions previously shown to be involved during task 
switching, and (b) the relation between white matter structure of these tracts and 
switching performance as previously shown in different samples. First, the genu of the 
corpus callosum, and the cingulum which extends longitudinally above the corpus 
callosum (Kennedy and Raz, 2009; Madden, et al., 2009; Zhu, et al., 2014), were 
selected because they interconnect several regions in the frontal cortex that play 
different roles during task switching (Dosenbach, et al., 2006; Dove, et al., 2000; 
Hikosaka and Isoda, 2010; Kim, et al., 2012; MacDonald, et al., 2000; Rushworth, et 
al., 2002; Sakai, 2008; Wager, et al., 2004; Yeung, et al., 2006). Further, the superior 
longitudinal fasciculus (Gold, et al., 2010) which is the main tract connecting frontal 
and parietal regions, and the splenium of the corpus callosum (Caeyenberghs, et al., 
2011; Madden, et al., 2009; Seghete, et al., 2013) which connects left and right parietal 
regions were selected. These tracts connect part of a distributed frontoparietal network 
of brain regions shown to be activated during task switching (for a review, see Kim, et 
al., 2012) in order to bias attention to the selection of task-relevant information (Banich, 
et al., 2000; Gold, et al., 2010). Additionally, we selected the sagittal stratum which is 
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important for the modulation of visual attention during task switching and connects the 
frontal and occipital-temporal areas (Perry, et al., 2009). Furthermore, because Gold, et 
al. (2010) found the lateral temporal cortex to be activated during task switching in older 
adults specifically, we included the uncinate fasciculus which connects lateral temporal 
and lateral frontal regions. Finally, on a subcortical level, particularly the subthalamic 
nucleus and the striatum (both being input zones of the basal ganglia) have been shown 
to be involved during task switching, interacting closely with the frontal cortex (Coxon, 
et al., 2010; Hikosaka and Isoda, 2010; Leunissen, et al., 2013; Neubert, et al., 2010; 
van Schouwenburg, et al., 2013). Therefore, we additionally selected two cortico-
subcortical tracts, namely the anterior limb of the internal capsule (van Schouwenburg, 
et al., 2014), containing frontopontine fibers and thalamic projections to the frontal and 
cingulate cortex, and the superior corona radiata (Leunissen, et al., 2014; Leunissen, et 
al., 2013; Seghete, et al., 2013; van Schouwenburg, et al., 2014), containing both 
descending and ascending axons connecting the internal capsule with motor and 
premotor regions. 
From the pool of commonly used white matter measures, we selected two 
magnetic resonance imaging (MRI) white matter measures that have both been proposed 
to be more sensitive to myelin changes, i.e., the diffusion tensor imaging (DTI) derived 
measure radial diffusivity (RD), and the magnetization transfer imaging (MTI) derived 
measure magnetization transfer ratio (MTR). 
DTI assesses white matter microstructural organization by using a tensor model 
to quantify the directionality and rate of diffusion of water within tissue (Basser and 
Pierpaoli, 1996). Diagonalization of the diffusion tensor yields three eigenvalues (λ1, 
λ2 and λ3). The average of the second and third eigenvalue reflects diffusion 
perpendicular to the main diffusion direction and is referred to as RD. The suggested 
sensitivity of RD to myelin content mainly originated from studies performed in rodents 
(Janve, et al., 2013; Song, et al., 2002; Song, et al., 2005; Sun, et al., 2007; Sun, et al., 
2006). However, more recent evidence shows that in fiber systems with more complex 
architecture (as opposed to the simple architectural paradigms previously investigated), 
this relation between RD and myelin content is attenuated (De Santis, et al., 2014; 
Madler, et al., 2008). Hence, although it has been shown that myelin can modulate RD, 
this modulation also appears to vary together with tissue architecture.  
The MTI-derived MTR depends less on architectural complexity, and is 
suggested to capture changes in myelination more directly than RD (Wolff and Balaban, 
1989). MTR reflects the amount of macromolecules in the tissue, and myelin forms a 
major part of these macromolecules. It represents the relative change in MR signal 
intensity caused by fast exchange of magnetization between protons bound to these 
macromolecules and protons in neighboring free water when applying an off-resonance 
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radio frequency pulse. The MTR has been used to monitor brain development, 
presumably reflecting the myelination progress (Chew, et al., 1992; Engelbrecht, et al., 
1998; Rademacher, et al., 1999; van Buchem, et al., 2001). Moreover, it correlates with 
histological measures of myelin in animals (Deloire-Grassin, et al., 2000; Dousset, et 
al., 1995; Dousset, et al., 1992; Rausch, et al., 2009), and human postmortem brains 
(Barkhof, et al., 2003; Schmierer, et al., 2004; van Waesberghe, et al., 1999). 
The main aim of the current study was to explore whether specific white matter 
alterations account for slowing of switching performance with increasing age. Our 
specific hypotheses were: (a) older adults show more slowing of performance in task 
blocks during which they have to perform switching behavior, i.e., a higher mixing cost, 
as compared with the young adults, and (b) this effect is mediated by age-related 
alterations in white matter RD and MTR. Because myelin is strongly related to speed of 
performance (Bartzokis, et al., 2010), and MTR is suggested to be a more direct measure 
of myelin than RD, we expected mediation effects using MTR rather than RD.  
To the best of our knowledge, this is the first study delineating the role of RD or 
MTR changes in age-related switching performance declines. 
Materials and Methods 
Participants 
Young (age range 18 - 30 years) and older participants (age range 60 - 80 years) were 
recruited from the general population by means of advertisements and active 
recruitment. Participants with any current or past history of psychiatric illness, of 
neurological illness, of use of anti-epileptic medication or of drug or alcohol abuse were 
excluded, as were participants with diabetes or contraindication to MRI. Additionally, 
participant exclusion criteria included a score below 26/30 on the Montreal Cognitive 
Assessment scale for the older participants (Nasreddine, et al., 2005). After further 
excluding participants showing artifacts on their DTI or MTI scan that prevented a 
reliable analysis, the final sample consisted of 24 young adults (mean age ± standard 
error (SE) = 23.7 ± 0.7 years, 10 males) and 22 older adults (mean age ± SE = 67.5 ± 
0.9 years, 11 males). All participants were right-handed, as verified by the Edinburgh 
Handedness Inventory (laterality quotient, mean ± SE: young adults: 87.9 ± 3.2; older 
adults: 95 ± 2.2), and had normal or corrected to normal vision. Prior to giving written 
consent, all participants received full explanation of the experimental procedures. The 
study received approval from the local Ethics Committee for Biomedical Research at 
KU Leuven, and was performed in accordance with the 1964 Declaration of Helsinki 
and its amendments (World-Medical-Association, 1964). 
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Experimental design 
Local-global switching task 
Task switching performance was assessed using a computerized task switching 
paradigm, i.e., the local-global switching task, which has previously been employed by 
our group (Caeyenberghs, et al., 2014; Leunissen, et al., 2014). Participants were 
comfortably seated with lower arms and wrists resting on a table. The task was presented 
on a 54.6 cm computer monitor, located on the table, at a distance between 100 and 120 
cm in front of the participant at eye level. There were four possible target stimuli, as 
shown in Figure 1a, which consisted of a ‘global’ square or rectangle, composed of 
much smaller ‘local’ squares or rectangles. Presentation of the target stimulus was 
always preceded by a prime cue, which indicated whether participants will have to 
identify the shape of the global figure, or alternatively of the local (small) figures. On 
the one hand, a square and a rectangle appearing left and right of the center of the 
computer monitor, respectively, both with the same size as the global (larger) figures 
(Figure 1b), indicated that participants will have to identify the global shape of the target 
stimulus. On the other hand, a square and rectangle appearing left and right, respectively, 
both with the same size as the local (smaller) figures (Figure 1c), indicated that 
participants will have to identify the shape of the local figures. After a random cue-target 
interval of 400-600 ms, the target stimulus was presented. Participants had to respond 
as fast as possible without sacrificing accuracy by pressing ‘1’ with their right index 
finger for squares and ‘2’ with their right middle finger for rectangles on a standard 
computer keyboard. Both the prime cue and the target stimulus remained on the screen 
until the participant responded, or until 2500 ms had elapsed. The interval between a 
response and the presentation of the next trial varied randomly between 900 and 1100 
ms.  
First, two ‘single task’ blocks were presented: in one block participants were 
primed to repeatedly identify the global shape of the target stimulus (i.e., only ‘global’ 
trials), in the other block to repeatedly identify the shape of the local figures (i.e., only 
‘local’ trials). The order of these first two blocks was counterbalanced across 
participants. In the third (last) block (the ‘switch’ block), the prime cue alternated every 
other trial (i.e., two global trials, followed by two local trials, etc.), giving rise to task-
repetition trials and task-switch trials within this switch block. The experiment consisted 
of 24 trials in each single task block, and 49 trials in the switch block. Before the 
experiment, participants practiced 4 trials for each single task block, and 8-16 trials for 
the switch block.  
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Fig. 1 Local-global switching task. (a) The four possible target stimuli. (b) Each trial 
started with a prime cue. A big square to the left, and a big rectangle to the right of the 
center indicated that participants had to identify the shape of the global figure (global 
trials) (c) A small square to the left, and a small rectangle to the right indicated that 
participants had to identify the shape of the (small) local figures (local trials). Following 
the prime cue, the target stimulus appeared, and participants had to rapidly press key ‘1’ 
with their right index finger for squares and key ‘2’ with their right middle finger for 
rectangles 
To verify whether the older adults understood the general task instructions, we 
first assessed percentage accuracy. Next, average reaction times of the correct trials 
(RTs) were calculated. Finally, two types of performance cost were evaluated: mixing 
cost and switch cost. On the one hand, mixing cost refers to the increase in RTs in switch 
blocks as compared with single task blocks (i.e., RT switch block – RT single task 
blocks). On the other hand, switch cost refers to the increase in RTs on task-switch as 
compared with task-repetition trials within the switch block (i.e., RT task-switch trials - 
RT task-repetition trials within the switch block). Outlier detection was performed by 
transforming the scores per dependent variable and per group separately into z-scores, 
scores with an absolute value of z > 3 were considered as outlying. 
Image acquisition 
Imaging data were acquired on a Siemens 3T Magnetom Trio magnetic resonance 
imaging scanner (Siemens, Erlangen, Germany) with 12 channel matrix head coil. DTI 
of the brain was performed using a single-shot spin-echo sequence (TR = 10700 ms; TE 
= 82 ms; matrix = 96 x units; 2.2 mm isotropic voxels; 60 axial slices). Diffusion 
sensitizing gradients were applied at a b-value of 1000 seconds/mm2, along 64 non-
collinear directions. One b0 image with no diffusion weighting was acquired. A 3D 
gradient-echo pulse MTI sequence was subsequently performed with the following 
parameters: TR = 50 ms; TE= 4.59 ms; field of view = 230 x 173 mm2; voxel size = 2.2 
× 1.8 × 2.4 mm3; 60 axial slices. Two consecutive imaging sets were acquired, one with 
and one without an off-resonance saturation pulse. Of note, only subjects showing 
sufficiently satisfactory DTI as well as MTI data quality (24 young and 22 older 
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subjects) were included in this study. To check for possible abnormalities in gray matter, 
a 3D magnetization prepared rapid gradient echo (MPRAGE) high resolution T1-
weighted structural image was acquired, with the following parameter settings: TR = 
2300 ms; TE= 2.98 ms; field of view = 240 x 256 mm2; voxel size = 1 x 1 x 1.1 mm3; 
160 sagittal slices. 
Image processing 
DTI processing 
DTI data were processed with a similar multi-step procedure as described previously 
(Serbruyns, et al., 2015): (a) The raw diffusion weighted data and the non-diffusion 
weighted image were loaded into ExploreDTI version 4.8.1 (Leemans, et al., 2009) and 
the separate diffusion weighted imaging volumes were looped at a high frame rate to 
check for any obvious artifacts in the data, such as large signal dropouts and geometric 
distortions. We also toggled between the views of the first and last acquired diffusion 
weighted image to observe subtle system drifts. Next, we inspected the images in 
different orthogonal views to check for any interslice and intravolume instabilities, and 
visualized various image maps to check for artifacts. Finally, we checked the residual 
map, reflecting the difference between the modeled and the measured signal (Tournier, 
et al., 2011). Using a residuals map, artifacts can be detected that are not always visible 
on the fractional anisotropy (FA) map or on the individual diffusion-weighted images. 
(b) The DTI data sets were corrected for subject motion and eddy current induced 
geometric distortions (Leemans and Jones, 2009). In summary, the diffusion weighted 
images were realigned to the non-diffusion weighted image using an affine co-
registration method based on mutual information with cubic interpolation to resample 
the images (Klein, et al., 2010). During this correction procedure, the b-matrix was 
adjusted for the rotational component of subject motion to ensure correct diffusion 
tensor estimates. Rotations were on average 0.35° with a SE of 0.03° for the young 
adults and 0.34° with a SE of 0.05° for the older adults. Translational motions did not 
exceed 1 voxel (mean ± SE: young adults: 0.55 ± 0.03mm; older adults 0.68 ± 0.02mm). 
(c) We re-inspected the data in three orthogonal planes in a loop format to ensure that 
the motion/distortion correction was performed correctly and that no additional artifacts 
were introduced into the data. (d) The diffusion tensors and subsequently RD were 
calculated using a non-linear regression procedure (Basser and Pierpaoli, 1996; Jones 
and Basser, 2004). (e) The DTI data were transformed to MNI space by applying an 
affine and, subsequently, a high-dimensional non-affine DTI-based registration 
technique (Leemans, et al., 2005; Van Hecke, et al., 2007).  
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MTI processing 
The MTI data were analyzed and processed using the following multi-step procedure: 
(a) The raw data were visually inspected to check for any artifacts using MRIcron 
(Rorden and Brett, 2000). (b) Next, the raw data were loaded into FMRIB Software 
Library (FSL) 4.1.9. For each subject, volumes with and without the off-resonance radio 
frequency saturation pulse were co-registered, using the linear image registration tool 
(FSL FLIRT) (Greve and Fischl, 2009; Jenkinson, et al., 2002; Jenkinson and Smith, 
2001). This procedure was used to remove possible tilts in the brain due to the 
participant's between scan head movements. (c) Non-brain tissue was removed from the 
images using the Brain Extraction Tool (Smith, 2002). (d) The MTR for each voxel was 
then calculated using the following equation: MTR = (S0 – S1)/S0 
whereby S0 is the signal intensity without saturation pulse and S1 is the signal intensity 
with saturation pulse. The MTR is expressed as a ratio where 0 represents no signal 
reduction and 1 represents total signal reduction due to magnetization transfer. (e) The 
MTI data were transformed to MNI space by applying FSL FLIRT. 
Spatial alignment between DTI and MTI data and masking 
For each subject, the normalized MTI images were next spatially aligned to the FA map 
of the normalized DTI scans using rigid transformations. In doing so, it was assured that 
the images in both modalities were in the same orientation, enabling the comparison of 
the DTI and MTI results. We then visually re-inspected the different image maps in 
three orthogonal planes to ensure that the registration was performed correctly. Finally, 
the DTI and MTI data were masked on a voxel basis by applying a threshold at the 
participant level (minimum FA of 0.20) to reduce potential partial volume effects from 
cerebrospinal fluid and gray matter.  
Parcellations of the white matter regions of interest  
The ICBM-DTI-81 white-matter labels atlas (Mori, et al., 2008) was used for 
parcellations of the 8 white matter regions of interest (ROIs): (a) bilateral anterior limb 
of the internal capsule (ALIC) containing frontopontine fibers and thalamic projections 
to the frontal and cingulate cortex; (b) bilateral superior corona radiata (SCR), 
containing both descending and ascending axons connecting the internal capsule with 
motor and premotor regions; (c) bilateral superior longitudinal fasciculus (SLF) 
connecting frontal, occipital, parietal, and temporal cortices; (d) bilateral sagittal stratum 
(SS) containing the inferior longitudinal fasciculus on the one hand, which connects the 
occipital and temporal cortices, and the inferior fronto-occipital fascicules on the other 
hand, which connects the frontal and occipital cortices; (5) bilateral uncinate fasciculus 
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(UNC) connecting the orbitofrontal cortex to temporopolar and limbic regions; (f) 
bilateral dorsal cingulum (CING), extending longitudinally above the callosum and 
connecting portions of the cingulate gyrus; (g) the genu of the corpus callosum (GEN) 
connecting left and right frontal cortices; (h) the splenium of the corpus callosum 
(SPLE) connecting left and right occipital, parietal, and temporal cortices. Average RD 
and MTR values were computed in all 8 ROIs for each subject. Given the number of 
regions involved, and the lack of a priori hypotheses regarding laterality differences, 
average RD, AD and MTR values for left and right hemisphere were used for the 
projection (ALIC, SCR) and the intrahemispheric association (SLF, SS, UNC and 
CING) fibers. For visualization purposes, ROI masks are displayed on FA maps of the 
white-matter atlas of Mori et al. (2008) in Figure 2.  
Statistical analysis 
First, a multivariate approach to repeated measures analysis of variance (ANOVA) was 
used to estimate age-related differences in RD and MTR among the selected ROIs. The 
between subjects factor was Age Group (young adults, older adults), and the within 
subjects factor was ROI with 8 levels (ALIC, SCR, SLF, SS, UNC, CING, GEN, SPLE). 
The dependent variables were RD and MTR. In the current study, we were mainly 
interested in the between group differences. Therefore, post-hoc comparisons were 
additionally performed to examine potential between group differences using 
independent t-tests.  
Subsequently, the effect of age on local-global switching performance was 
explored. Age-related differences in percentage accuracy during the single task blocks 
and during the switch block were tested using independent t-tests. For the calculation of 
the RTs, only data of the correct responses were used. RTs were subjected to repeated 
measures ANOVA with Age group (young adults, older adults) as between-subjects 
factor and Condition (single task blocks versus switch block) as within-subjects factor. 
A significant interaction effect between these two factors would be indicative of a 
difference in mixing cost (i.e., RT switch block – RT single task blocks) between the 
two age groups. Furthermore, literature shows that mainly the mixing cost is affected by 
age, whereas differences in switch cost (i.e., RT task-switch trials - RT task-repetition 
trials within the switch block) are relatively small (Wasylyshyn, et al., 2011). To check 
whether this trend is confirmed by our data, we performed an additional repeated 
measures ANOVA with Age group (young adults, older adults) as between-subjects 
factor and Switch block trial (task-switch trial versus task-repetition trial) as within-
subjects factor. Here, a significant interaction effect between these two factors would be 
indicative of a difference in switch cost. 
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Fig. 2 Region of interest masks. Regions are depicted on fractional anisotropy maps 
of the white-matter atlas of Mori et al. (2008): (a) Coronal view of bilateral anterior limb 
of the internal capsule (ALIC, green) and bilateral superior corona radiata (SCR, purple). 
(b) Axial view of bilateral dorsal cingulum (CING, dark blue). (c) Axial view of bilateral 
superior longitudinal fasciculus (SLF, red). (d) Axial view of bilateral sagittal stratum 
(SS, pink). (e) Axial view of bilateral uncinate fasciculus (UNC, orange). (f) Axial view 
of the genu (GEN, yellow) and splenium (SPLE, light blue) of the corpus callosum 
Finally, mediation analyses were used to determine whether age-related 
differences in RD or MTR of any of the ROIs accounted for the effect of age group on 
mixing cost. Only the ROIs showing significant age-related differences in RD or MTR 
were selected as potential mediators. PROCESS, a SPSS macro developed by Hayes 
(2012), was used to assess the mediation models. First, the total effect of age group on 
mixing cost (c) was estimated by regressing mixing cost on age group without any 
mediators in the model. Next, using ordinary least squares path analysis, age group was 
modeled to affect mixing cost directly as well as indirectly through white matter 
measures as potential mediator variables assumed to be causally located between age 
group and mixing cost. As depicted in the mediation models in Figure 3, the direct effect 
of age group on mixing cost is estimated with c’, and the indirect effect is estimated as 
a*b, meaning the product of the effect of age group on the potential white matter 
mediator (a) and the effect of the potential white matter mediator on mixing cost, 
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controlling for age group (b). The indirect effect was evaluated using 10000 stratified 
bootstrap samples to determine a 95% bias-corrected confidence interval. The sum of 
the direct and indirect effect equals the total effect of age group on mixing cost (c). 
Finally, 𝑅𝑚𝑒𝑑
2  represents the proportion of variance in mixing cost attributable to the 
indirect effect of age on mixing cost through the white matter mediator. 
 
Fig. 3 Mediation models. Age group modeled to affect mixing cost directly as well as 
indirectly through the potential mediators radial diffusivity (RD) and magnetization 
transfer ratio (MTR) of selected regions of interest (ROIs). a = the effect of age group 
on the potential mediator; b = the effect of the potential mediator on mixing cost 
controlling for age group; c’= direct effect of age group on mixing cost, controlling for 
the indirect effect a*b; c = total effect of age group on mixing cost 
Unless otherwise stated, statistical analyses were done with the Statistical 
Package for the Social Sciences, version 22 (SPSS for Windows, 2010). An alpha level 
of 0.05 was used for statistical tests, where applicable correction for multiple 
comparisons was taken into account by using a modified Bonferroni correction (Holm, 
1979). Only results surviving this Bonferroni correction are reported. 
Results 
Age-related alterations in brain white matter  
RD and MTR values of the 8 ROIs are summarized in Figure 4.  
Repeated-measures ANOVA revealed that RD differed between the age groups (main 
effect of Age Group, F(1,44) = 20.79, p < 0.001), and among the 8 ROIs (main effect of 
ROI, F(7,308) = 29,73, p < 0.001). Additionally, a significant Age Group x ROI 
interaction was found (F(7,308) = 9.09, p < 0.001). Hence, post hoc t-tests were 
performed to investigate which structures showed between group differences. It was 
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found that relative to the young adults group, RD was significantly elevated in the older 
adults group in all ROIs (GEN, SLF and ALIC p < 0.001; SCR and SPLE p < 0.01; 
CING, SS p < 0.05), except in the UNC, where RD was significantly lower (p < 0.05). 
MTR also showed main effects of Age Group (F(1,44) = 40.37, p < 0.001) and 
ROI (F(7,308) = 47.48, p < 0.001), and a significant Age Group x ROI interaction 
(F(7,308) = 9.27, p < 0.001). Older adults showed lower MTR values in all ROIs (SS 
and CING p < 0.01, all other p < 0.001), except the UNC.  
 
Fig. 4 Radial diffusivity and magnetization transfer ratio means ± standard error 
as a function of age group and region of interest. ALIC = anterior limb of the internal 
capsule; SCR = superior corona radiata; SLF = superior longitudinal fasciculus; SS = 
sagittal stratum; UNC = uncinate fasciculus; CING = dorsal cingulum; GEN = genu; 
SPLE = splenium. Results reported as being significant survived a modified Bonferroni 
correction for 8 comparisons (Holm, 1979); *** p < 0.001, with respect to differences 
between the young and older adults 
Age-related slowing of switching performance 
Based on inspection of the z-scores within the groups, no outlying scores were found for 
the local-global task. Differences between young and older adults in percentage 
accuracy were significant for the switch block (young adults mean ± SE = 96.70% ± 
0.89; older adults = 80.68% ± 3.34; t(44) = 4.82, p < 0.001), but not for the single task 
blocks (young adults = 98,19% ± 0.48; older adults = 98.91% ± 0.39; t(44) = -1.14, ns). 
Repeated measures ANOVA revealed that there was a significant main effect of 
Condition (F(1,44) = 144.19, p < 0.001) on RT, with longer RTs during the switch block 
(869.52 ms ± 44.74) versus the single task block (536.55 ms ± 15.23). Age group also 
showed a significant main effect on RT (F(1,44) = 48.36, p < 0.001), with older adults 
responding slower (846.61ms ± 28.62) compared with young adults (571.42 ms ± 
27.33). As depicted in Figure 5, there was a significant interaction effect between these 
two factors (F(1,44) = 27.11, p < 0.001), which indicated that the older adults 
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demonstrated a significantly higher mixing cost (RT switch block – RT single task 
blocks) as compared with young adults (older adults 486.51 ms ± 43.34; young adults 
192.22 ms ± 36.75).  
The final repeated measures ANOVA showed that Age group (young adults = 
667.53 ms ± 44.56; older adults = 1089.87 ms ± 46.54; F(1,44) = 42.97, p < 0.001) and 
Switch block trial (task-repetition trial = 864.81 ms ± 32.8; task-switch trial = 892.59 
ms ± 34.94; F(1,44) = 1.741, p < 0.05) both showed a significant main effect on RT 
within the switching block. However, no significant difference in switch cost (RT task-
switch trials - RT task-repetition trials within the switch block) was found between the 
young and older adults (young adults = -4.91 ms ± 12.82; older adults = 60.45 ms ± 
41.73; F(1,44) = 2.411, interaction effect ns). 
 
Fig. 5 Local-global reaction time means ± standard error as a function of age group 
and single task or switch blocks. Mixing cost corresponds to the difference between the 
average reaction time during the switch block and the single task blocks (switch – single 
task). ***p < 0.001 for comparison of mixing cost between the young and older adults 
(interaction effect) 
Behavioral significance of age-related alterations in brain white matter  
We conducted mediation analyses to determine whether the effect of age group on 
mixing cost could be explained by age-related differences in RD or MTR of any of the 
ROIs (potential mediators). The total effect of age group on mixing cost (c ± SE) was 
294.28 ± 56.52. This implies that, similar to what is stated above, older adults showed a 
mixing cost that was on average 294.28 ms higher as compared with the young adults. 
Including potential mediators in separate mediation models, this total effect of age group 
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was separated into direct (c') and indirect (a*b) effects as shown in Table 1. Using RD 
as a potential mediator, no mediating effects were found. Using MTR, the effect of age 
group on mixing cost was shown to be partly mediated by the MTR of the SCR (𝑅𝑚𝑒𝑑
2  
= 0.28): older adults showed lower MTR values in the SCR as compared with the young 
adults group (a = -0.0091), and these lower MTR values partly accounted for the 
increase in mixing cost observed in this older adults group (b= -10880.56).  
Table 1: Overview of the mediation analyses. 
 
Note: c’= direct effect of age group on mixing cost; SE = standard error; ab = indirect 
effect of age group on mixing cost through the mediator; 95% bootCI = 95% bias-
corrected bootstrap confidence interval; 𝑅𝑚𝑒𝑑
2  = the proportion of variance in mixing 
cost attributable to the mediation effect. *** p < 0.001; ns not significant 
Discussion 
The main aim of the current study was to determine whether white matter alterations 
account for slowing of switching performance with aging. Alterations in both RD and 
MTR with advancing age were demonstrated. Further, age-related alterations in MTR 
values of the bilateral superior corona radiata were found to contribute to the observed 
slowing of switching performance with increasing age.  
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Age-related white matter alterations 
In line with current literature, we observed widespread RD increases in older adults 
compared with young adults (Bhagat and Beaulieu, 2004; Davis, et al., 2009; Hasan, et 
al., 2009; Hsu, et al., 2010; Kumar, et al., 2013; Lebel, et al., 2012; Madden, et al., 2012; 
Sala, et al., 2012; Zhang, et al., 2010). 
Findings with respect to age-related MTR changes have been less consistent. In 
the current study, we observed lower MTR values in all regions of interest in older 
compared with young adults, except for the uncinate fasciculus. Such widespread age-
related decline in MTR is in line with several previous studies (Fazekas, et al., 2005; 
Ge, et al., 2002; Hofman, et al., 1999; Schiavone, et al., 2009; Silver, et al., 1997; Spilt, 
et al., 2005; Tanabe, et al., 1997), but in contrast to others reporting no age effects 
(Armstrong, et al., 2004; Benedetti, et al., 2006; Mehta, et al., 1995). Possible 
explanations for these inconsistent results may be the large heterogeneity in 
methodological approaches of data acquisition or analysis used by the studies. 
Furthermore, the existing studies all have a cross-sectional design, hence no causal 
mechanisms could be investigated. To obtain a better understanding of the effect of 
aging on MTR, longitudinal studies are needed.  
Slowing of task switching performance in older adults 
Age-related differences in task switching performance were investigated. First, 
percentage accuracy in the single task blocks was assessed to explore the possibility that 
any differences in reaction time between young and older adults are confounded by a 
difference in understanding of the general task instructions. Results showed no 
differences between young and older adults, indicating that such a confounding effect 
was not likely to be present.  
With respect to reaction times, it was found that older adults responded slower 
than young adults in both the single task and the switch conditions. Finally, mixing and 
switch cost in reaction time were evaluated. Mixing cost refers to the increase in reaction 
time during switch blocks as compared with single task blocks, and reflects the extra 
time needed for ‘sustained’ executive processes during the switch block. These 
processes reflect the engagement of monitoring processes to uphold high sensitivity to 
environmental cues, and the active maintenance of multiple task sets in working memory 
(here, all information necessary to perform ‘global’ or ‘local’ trials) (Sakai, 2008). Older 
adults showed higher mixing costs, indicative of an impairment of the sustained 
executive control processes during switch blocks in older adults. On the other hand, 
switch cost refers to the difference between task-switch and task-repetition trials within 
the switch block, and reflects the extra time needed for ‘transient’ control processes 
during task-switch trials. These processes relate to the detection of a required switch, 
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followed by the active configuration of an alternative task set (Rogers and Monsell, 
1995). Switch cost did not differ between the age groups. Hence, it can be concluded 
that in the current study, the sustained executive control processes during task switching 
were affected in older adults, but not the transient. This difference in the effect of age 
on mixing and switch costs is in line with the conclusions of a review on aging and task 
switching by Wasylyshyn, et al. (2011). 
The role of age-related white matter alterations in slowing of task 
switching performance  
We explored the role of age-related white matter alterations in task switching 
performance declines. It was found that age-related decreases in MTR of the bilateral 
superior corona radiata contributed to the observed slowing of switching performance 
in older adults. The bilateral superior corona radiata contain both descending and 
ascending axons that connect the frontal cortex with subcortical regions (Davis, 1910; 
Mori, et al., 2008). It has long been known that cortical and subcortical structures 
interact closely for achieving motivated action selection (Alexander, et al., 1986; Deniau 
and Chevalier, 1985). In this regard, the basal ganglia were initially assigned a selective 
gating function in the context of motor control, which comprised selecting and ‘releasing 
the brakes’ on the appropriate motor action plan among multiple competing plans 
offered by the frontal cortex (Chevalier and Deniau, 1990). More recently this gating 
function has been extended to the cognitive domain (Frank and Badre, 2012; Hazy, et 
al., 2007). Moreover, recent evidence showed that during task switching specifically, 
the basal ganglia combine enhanced task-relevant information processing with 
suppressed task-irrelevant information processing to rapidly and selectively update 
frontal task-relevant representations (van Schouwenburg, et al., 2013). Additionally, 
basal ganglia activation has been associated with performance during switching tasks 
(Coxon, et al., 2010; Hikosaka and Isoda, 2010; Leunissen, et al., 2013; Neubert, et al., 
2010; van Schouwenburg, et al., 2013).  
In the context of aging specifically, Coxon et al. (2010) found that, relative to 
young adults, older adults show reduced basal ganglia activation when switching 
between difficult coordination modes. The age-related impairment of cortico-
subcortical transfer of information on a structural level that was found in the current 
study might contribute to this reduced interactive functioning between cortical and 
subcortical structures, resulting in slowing of switching performance in older adults.  
Relating our result to previous studies is arduous, because the current study is, to 
the best of our knowledge, the first to include the superior corona radiata as a region of 
interest for the investigation of associations between white matter properties and task 
switching performance declines during aging. However, our finding corresponds with 
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previous studies relating switching deficits to microstructure of the superior corona 
radiata in young adolescents (Seghete, et al., 2013) and in different patient groups 
(Leunissen, et al., 2014; Leunissen, et al., 2013; van Schouwenburg, et al., 2014).  
Further, to the best of our knowledge, the current study is the first to explore the 
contribution of white matter alterations as evaluated by multiple measures (i.e., RD and 
MTR) in age-related slowing of task switching performance. As such, results of this 
study complement the results of previous DTI studies that investigated the relation 
between white matter FA and task switching performance in older adults (Gold, et al., 
2010; Kennedy and Raz, 2009; Madden, et al., 2009; Metzler-Baddeley, et al., 2012; 
Zhu, et al., 2014). Only one of these previous DTI studies specifically investigated the 
contribution of white matter changes in different white matter tracts to a higher mixing 
cost in older adults (Gold, et al., 2010). Whereas Gold, et al. (2010) found a mediating 
effect of age-related changes in FA of the superior longitudinal fasciculus in a higher 
mixing cost in older adults (Gold, et al., 2010), no mediating effect of changes in RD or 
MTR of this tract was found in the current study. There are many potential explanations 
for these different results, such as variation in switching task characteristics (letter – 
number categorization versus local-global switching task), in white matter measures 
(FA versus MTR), and in mediation analysis approaches used (hierarchical regression 
analyses versus mediation models with a test of the significance of the mediation effect).  
Interestingly, only MTR (and not RD) changes were found to mediate the relation 
between age and slowing of task switching performance. This could possibly be 
explained by the dependency of RD on architectural complexity (De Santis, et al., 2014), 
whereas MTR is thought to capture changes in myelination more directly. For example, 
the fibers of the superior corona radiata cross between the transversely oriented 
commissural fibers that converge to the corpus callosum (Naidich, et al., 2012). Hence, 
crossing fibers are likely to influence RD of this tract. Accordingly, although there is no 
doubt that RD is a powerful metric for the assessment of brain-behavior relations (Davis, 
et al., 2009; Mella, et al., 2013; Sullivan, et al., 2010), results of the current study 
indicate that MTI may also show potential for the determination of relations between 
white matter and performance on tasks requiring high execution speed.  
Important to note, analysis of white matter regions of interest critically depends 
on the quality of segmentation. The regions of interest in the current paper were 
automatically parcellated using the ICBM-DTI-81 white-matter labels atlas. Because of 
this atlas-based approach, we cannot exclude the possibility that the segmentation of 
some fiber tracts may have been imperfect. Moreover, it should be kept in mind that 
because of age-related atrophy and increased variability in brain morphology typically 
observed in older adults, imperfect segmentations may have been a bigger issue in the 
older adults as compared with the young adults group (Thompson, et al., 2000; Wu, et 
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al., 2007). This could result in false positives, i.e., false detection of age-related 
differences in white matter. However, in the current study, potential contaminations by 
voxels containing both cerebrospinal fluid and tissue (partial volume effects) were 
reduced by applying a threshold at the participant level (minimum FA of 0.20) in both 
groups prior to segmentation. Additionally, after the segmentations, we visually re-
inspected the different image maps in three orthogonal planes to ensure that the 
segmentations were performed correctly. Further, also studies that did not use an atlas-
based approach have reported age-related RD (e.g., Bhagat and Beaulieu, 2004; Davis, 
et al., 2009; Hasan, et al., 2009; Kumar, et al., 2013; Lebel, et al., 2012) and MTR 
differences (e.g., Fazekas, et al., 2005; Silver, et al., 1997). This indicates that although 
age-related differences may be magnified using an atlas-based approach, they may still 
reflect genuine changes.  
Finally, it is also important to note that neither RD nor MTR should be interpreted 
as absolute measures of myelin. Accordingly, alternative methods have recently been 
proposed to provide more specific measures of white matter properties as compared with 
RD and MTR, such as quantitative magnetization transfer (qMT) imaging (Alexander, 
et al., 2011), or multicomponent relaxation measurements (De Santis, et al., 2014; 
Madler, et al., 2008). However, in the current study we opted for DTI and MTI because 
of their well-established utility in the determination of brain-behavior relations (Davis, 
et al., 2009; Mella, et al., 2013; Schiavone, et al., 2009; Sullivan, et al., 2010), and 
additionally their feasibility in terms of technical requirements and acquisition times 
(DTI: 12min 09sec; MTI: 7min 26sec) as compared with the more advanced scans which 
can take from 25min up to 1hour.  
Conclusions 
We explored the relations among age, task switching performance, and white matter 
characteristics of several major white matter tracts, using DTI-derived RD, and MTI-
derived MTR. Consistent with previous studies, we found that advancing age was 
associated with increases in RD and decreases in MTR in a number of preselected white 
matter tracts, and with a higher mixing cost. Furthermore, we showed that age-related 
decreases in MTR of the bilateral superior corona radiata contributed to slowing of 
switching performance in older adults. Our findings underline the contribution of white 
matter changes, possibly reflecting altered communication between cortical and 
subcortical brain regions, to age-related switching performance declines. Furthermore, 
they highlight the potential of MTI in the determination of distinct age-related brain-
behavior associations.  
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Summary of the main findings 
In the first part of the present thesis, the declines in bimanual performance that occur 
with healthy aging and concomitant alterations in brain structure were examined. In 
Chapter 1, we used diffusion tensor imaging (DTI) to relate microstructural properties 
(fractional anisotropy, FA) of functionally distinct subregions of the corpus callosum 
(CC) to bimanual performance on a set of clinical and instrumented tasks in young and 
older adults. The results confirmed our hypothesis that in older adults, microstructural 
properties of distinct callosal pathways are associated with age-related performance 
deficits on different bimanual motor tasks, depending on the specific sensorimotor 
functions required for these tasks.  
Chapter 2 complemented the first chapter on white matter, by investigating 
whether specific gray matter changes mediate age-related bimanual performance 
declines. More specifically, we investigated associations between age-related global and 
subregional volume changes in a selection of subcortical structures (i.e., left and right 
thalamus, putamen, caudate and pallidum) and performance on the bimanual Purdue 
Pegboard Test across the adult lifespan. The findings from this chapter suggested that 
atrophy in left and right thalamic subregions, connected with cortical regions involved 
in bimanual coordination, contribute to bimanual declines with aging.  
In conclusion, findings from part 1 indicated that both typical and non-typical 
‘motor’ related structural alterations contribute to age-related bimanual declines.  
 
The second part started with a literature overview (Chapter 3), in which we 
aimed to provide an overview of the DTI literature concerning associations between 
brain white matter microstructure and task switching performance, in order to determine 
the current status of this field of research. The outcome of this review indicated that 
relations with task switching performance have been reported for multiple white matter 
tracts, including mainly frontal, cortico-subcortical and interhemispheric connections. 
Moreover, whereas frontoparietal fibers have often been suggested to be important for 
task switching, the existing literature seems to show little evidence for this. Finally, the 
review offered a number of perspectives for future research to overcome some of the 
concerns that complicate the interpretation of reported relations between white matter 
structure and task switching (examples given below).  
Next, we assessed structural white matter alterations that specifically underlie 
slowing of switching performance with increasing age in an experimental study (Chapter 
4). The results from the review were mainly obtained using DTI-derived FA. To 
complement the latter findings, we selected measures proposed to be more sensitive to 
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myelin changes: the DTI-derived measure radial diffusivity (RD), and the magnetization 
transfer imaging (MTI) derived measure magnetization transfer ratio (MTR). These 
metrics were related to timed performance on a local-global switching task in young and 
older adults. Our results mainly underscored a role for cortico-subcortical (superior 
corona radiata) white matter changes, as expressed by declines in MTR, in slowing of 
task switching performance with healthy aging. 
In short, findings from the second part of this thesis underscored the importance 
of communication between different parts of the brain during tasks switching, rather 
than frontal lobe functioning only.  
Age-related changes in brain structure 
In line with the literature, we observed widespread age-related alterations in both brain 
gray and white matter, indicative of deterioration. With respect to age-related gray 
matter alterations (Chapter 2), we observed volume loss with increasing age across the 
adult lifespan in all selected (subcortical) structures, i.e., the bilateral thalamus, putamen 
and caudate (all both global and subregional atrophy) and the pallidum (only subregional 
atrophy). The identification of subtle age-related differences using shape analyses, 
which could easily go unnoticed with global volume measures, offers opportunities for 
future research directed at identifying localized patterns of atrophy that may serve as 
biomarkers for healthy brain aging, as opposed to pathological brain aging. For example, 
using vertex-wise linear discriminant analyses of the caudate and putamen, Parkinson’s 
disease patients could previously be discriminated from controls with an accuracy of 
maximum 82.5% (Nemmi, et al., 2015).  
With respect to white matter, we investigated microstructural differences in 7 
subregions of the CC between young and older adults (Chapter 1), and found that FA 
values in the callosal prefrontal subregion were lower in older compared with young 
adults, indicative of changes in microstructural organization. Moreover, in Chapter 4 we 
investigated age-related differences in RD and the MTR in 8 white matter pathways (i.e., 
anterior limb of the internal capsule, superior corona radiata, dorsal cingulum, superior 
longitudinal fasciculus, sagittal stratum, uncinate fasciculus, and genu and splenium of 
the CC). Higher RD and lower MTR values in older versus younger adults were 
observed for virtually all regions, which could be indicative of myelin loss. Our finding 
of age-related white matter differences being present in the prefrontal part of the CC, 
but not in the more posterior parts (Chapter 1), seems to be in line with the general 
anterior-posterior gradient of aging, which is often reported in the DTI literature (e.g., 
Sullivan, et al., 2010). Similarly, although not explicitly tested, the genu (the most 
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anterior part of the CC) seemed to show larger RD and MTR differences between young 
and older adults as compared with the splenium in Chapter 4. A possible explanation for 
these findings is the regional differentiation of fiber types that has been observed in the 
CC by Aboitiz, et al. (1992) using light microscopy. This study revealed that thin, poorly 
myelinated fibers are most densely packed in the anterior regions of the CC. Apparently, 
according to Lebel, et al. (2010), these thin fibers mature early in life. Further, they 
appear to be particularly vulnerable to the effects of aging as a result of their composition 
(Lebel, et al., 2010). However, future research using other microstructural measures is 
required to establish whether anteriorly located, thin fibers of the CC are indeed more 
susceptible to the effects of aging as compared with the more posteriorly located CC 
fibers. Progress in diffusion DTI data acquisition and analysis recently resulted in a new 
approach called AxCaliber (Assaf, et al., 2008), which estimates axon diameter 
distributions within voxels in vivo and hence may be utilized for this purpose. Of note, 
the non callosal tracts investigated in Chapter 4 (as listed above) cannot clearly be 
divided in ‘anterior’ or ‘posterior’ tracts, and thus it is difficult to infer whether age-
related changes in these tracts also follow this anterior-posterior trend. Another 
possibility would be to investigate if an anterior-posterior gradient of decline occurs 
within tracts that run from anterior regions of the brain to posterior regions, such as the 
cingulum bundle or the superior longitudinal fasciculus. By comparing different 
sections within such tracts, it could be determined if age effects are more pronounced in 
anterior as compared with posterior sections.  
Interestingly, besides age-related gray and white matter structural deterioration, 
we found age-related changes that could be tentatively indicative of gray and white 
matter structural improvement in the present thesis. In Chapter 2, where we investigated 
age-related subcortical volumetric differences, we observed some notable age-related 
gray matter subregional expansion (outward deformations) in the bilateral caudate 
(when comparing the 6th, 7th and 8th decade to the 3rd decade) and pallidum (when 
comparing the 6th decade to the 3rd decade). So far, not much is known about potential 
underlying mechanisms of this subregional expansion. However, this seemingly 
‘positive’ structural change could be related to compensatory activation in older adults. 
That is, patterns of compensatory activation have been observed in older adults during 
various tasks. These compensatory mechanisms indicate that older adults are able to 
recruit a wider network of brain regions in an attempt to maintain a certain level of 
performance. This enhanced recruitment may be related to increased synaptic growth. 
As such, the gray matter subregional expansion may potentially be understood in the 
same way as functional compensatory mechanisms in older adults, namely as a way of 
dealing with the widespread age-related structural and functional alterations. 
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Another counterintuitive observation was the higher FA observed in the CC 
primary motor subregion in older adults compared with young adults. Higher FA values 
that are unexpected or counterintuitive can sometimes be explained by a decrease in 
crossing fibers. However, FA values were obtained from the midsagittal part of the CC 
only, where a single and well-defined orientation may be assumed. The potential 
etiology for this alteration in microstructure (i.e., changes in CC structure across the 
human lifespan) is broadly discussed in Chapter 1. In short, this finding can possibly be 
explained in light of changes in CC microstructure across the human lifespan: the young 
adults may not have reached their FA peak in the CC primary motor region yet at the 
time of testing, whereas the older adults may have reached their FA peak around midlife 
and remained relatively stable thereafter, thereby demonstrating higher FA values. 
Additionally, it could be that our finding of higher FA values in older adults in the CC 
primary motor subregion is associated with compensatory functional activation patterns. 
Although admittedly speculative, there is some support for this hypothesis. It has often 
been observed that older adults show decreased laterality in functional activation, i.e., 
both hemispheres (rather than only the dominant hemisphere) become active during 
motor task performance (Ward and Frackowiak, 2003). A similar activation pattern is 
observed in young adults with increased motor task difficulty (Catalan, et al., 1998). 
Also, Kiyama, et al. (2014) recently found that the functional connectivity between the 
bilateral primary motor cortices, during a complex bimanual task, was enhanced in older 
versus young adults. It appears that the recruitment of the ipsilateral hemisphere may 
serve as required extra capacity, which may in turn be indirectly related to our observed 
positive structural changes. 
To conclude, both gray and white matter show degenerative changes with aging, 
which, as described further below, are associated with behavioral declines. However, 
we also found age-related changes that could be indicative of gray and white matter 
positive structural changes. These may represent changes that occur as compensation 
for degenerative changes elsewhere in the brain. 
Part 1: Age-related brain structural alterations contributing to deficits in 
bimanual coordination 
In part 1, the contribution of both age-related white and gray matter structural changes 
to bimanual performance declines was investigated. The white and gray matter 
structures that were used as regions of interest are depicted in Figure 1.  
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Fig. 1 Regions of interest for the study of associations between age-related 
structural alterations and bimanual declines (part 1 of this thesis). In Chapter 1, 
diffusion tensor imaging was used in young and older adults to investigate the relations 
between age-related changes in microstructural properties of 7 functionally distinct 
corpus callosum (CC, purple) subregions and performance declines on a set of bimanual 
tasks. In Chapter 2, it was investigated whether age-related global and/or subregional 
volumetric changes in 4 bilateral subcortical structures (thalamus, putamen, caudate and 
pallidum) mediate the relation between age and performance on the Purdue Pegboard 
Test, in participants across the adult lifespan. Contoured names indicate that these 
structures showed a significant relation with bimanual performance in the current thesis 
In Chapter 1 we built on knowledge of the explicit role of the CC in bimanual 
coordination declines in older adults (Fling, et al., 2011; Sullivan, et al., 2001). By 
subdividing the CC based on its connections with specific cortical areas, we were able 
to go beyond some ‘outdated’ CC subdivision schemes found in the literature. Results 
from this chapter indicated that YES, structural properties of functionally distinct 
callosal pathways are associated with age-related performance deficits on different 
bimanual motor tasks, relying on distinct sensorimotor functions. More specifically, 
better bimanual performance in older adults was related to higher FA values in the 
premotor (simultaneous finger tapping and choice reaction time test), primary motor 
(bimanual visuomotor task) and primary sensory (choice reaction time test) callosal 
subregions.  
An additional and somewhat unexpected result was that, although 3 of the 4 
bimanual tasks consisted of a strong visual component (i.e., the Purdue Pegboard Test, 
the choice reaction time test and the visuomotor task), microstructure (FA values) of the 
callosal occipital subregion was only associated with performance on the Purdue 
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Pegboard Test. Interestingly, occipital areas have previously been found to show 
compensatory activity during both the execution of a motor task and the motor rehearsal 
(motor imagery) of the same task in older adults (Heuninckx, et al., 2005; Zapparoli, et 
al., 2013). The authors interpreted these results as an indication that older adults use a 
compensatory visualization strategy during motor tasks. Because of the specific Purdue 
Pegboard Test task demands, fast monitoring and updating of the different task elements 
(e.g., the hands, pegs and peg holes) in both visual hemifields is especially crucial for 
this task. Although very speculative, it may be that a compensatory visualization 
strategy is therefore particularly useful for this specific task, and that older adults with 
more organized interhemispheric occipital white matter tracts also benefit more from 
this compensation strategy, enhancing performance.  
Similarly, it could be that for the other observed associations between callosal 
subregions and bimanual task performance, higher CC subregional FA values in older 
adults that perform relatively well are associated with increased activation in the cortices 
connected by these tracts. It would be very interesting to directly test these hypotheses 
in future research, combining functional and structural imaging. More specifically, 
functional data could be acquired from young and older adults performing our set of 
bimanual tasks. If activation differences in bilateral homotopic regions are found 
between young and old participants for a certain task, a next step could be to track the 
interhemispheric connections between these regions, and investigate whether age-
related microstructural white matter alterations in these tracts are related to performance.  
Another suggestion for future research is the use of AxCaliber (Assaf, et al., 
2008). This recent technique, as described above, recently made it possible to estimate 
axon diameter distributions within voxels in vivo. Axon diameter directly affects nerve 
function, therefore, the axon diameter distribution in the different CC subregions might 
be more directly linked with their functional properties as compared with FA. 
Accordingly, by means of validation of our results, we suggest future research to 
investigate whether age-related alterations in axon diameter distribution in different 
subregions of the CC also relate to specific bimanual performance deficits.  
In Chapter 2, we further investigated the role of age-related alterations in 
bimanual Purdue Pegboard Test performance declines. In this chapter, we focused on 
the contribution of subcortical gray matter structural alterations, and investigated 
whether local atrophy in subcortical regions, connected with cortical regions involved 
in motor coordination, accounts for age-related bimanual performance declines. This 
was accomplished by means of so called shape analyses (Patenaude, et al., 2011). Our 
main motivation for selecting this shape analysis approach was its potential to localize 
subcortical volumetric changes more precisely as compared with more conventional 
methods, such as voxel-based morphometry (VBM). VBM also enables the detection of 
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certain localized changes in gray matter structure by comparing different brains on a 
voxel-by-voxel basis (Mechelli, et al., 2005). However, by using locally-averaged gray-
matter segmentations, VBM may suffer from inaccuracies of tissue-type classification 
and arbitrary smoothing extents (Patenaude, et al., 2011). This is especially the case in 
subcortical structures, given the low contrast-to-noise ratio observed here. Moreover, 
using VBM, specific patterns of ‘abnormal anatomy’ may result in group-specific 
misregistration (Mechelli, et al., 2005), which is suboptimal when dealing with older 
participants because ventricle size changes with age (Sullivan, et al., 2002).  
Based on the results from Chapter 2, we propose that the answer to our research 
question is YES: Age-related atrophy of left and right thalamic subregions was shown 
to mediate the observed bimanual performance declines with increasing age. More 
specifically, atrophy in the ventral and lateral part of the body of the left thalamus, and 
the ventrolateral part of the body of the right thalamus, subserving connectivity with the 
premotor, primary motor and somatosensory cortical regions (key cortical regions in 
bimanual coordination; e.g., Cardoso de Oliveira, 2002; Swinnen and Wenderoth, 2004) 
mediated bimanual behavioral decline. This result can be understood in view of the 
function of the thalamus in the context of motor control. That is, first the basal ganglia 
select the appropriate motor action plan among multiple competing plans offered by the 
frontal cortex (Chevalier and Deniau, 1990). Next, in function of the selected action 
plan, the thalamus forwards signals to relevant regions of the cerebral cortex, and thus 
functions as a relay between the basal ganglia and the cortex. Our results indicate that 
this forwarding of relevant information by the thalamus may be affected in older adults 
because of local thalamic atrophy, which would explain why this atrophy contributes to 
bimanual performance declines. It would again be very interesting in future research 
to combine functional and structural imaging to investigate whether this local thalamic 
atrophy is related to the altered cortical and/or subcortical activation patterns that have 
been observed in older adults during the execution of motor tasks.  
Additionally interesting for future research would be to determine whether our 
results can be extrapolated to other performance deficits in older adults, i.e., whether 
age-related local atrophy in subcortical regions, connected with cortical regions that are 
important during a specific task, also contribute to performance deficits on this specific 
task. Important to note, as described in Chapter 4, the gating function of the basal ganglia 
and thalamus has recently been extended to the cognitive domain (Frank and Badre, 
2012; Hazy, et al., 2007). Therefore, further research could make use of shape analyses 
to investigate the contribution of age-related local subcortical atrophy to both motor and 
more cognitive performance declines with aging. 
To conclude, bimanual declines in older adults seem to be associated with 
multiple changes occurring in the brain. The research literature already indicated that 
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functional activation changes occur in older adults during bimanual tasks. In the current 
thesis, we focused on the structural alterations contributing to age-related bimanual 
performance declines. As shown in Figure 1, the microstructure of different callosal 
pathways, and local atrophy in the thalamus were associated with bimanual declines in 
older adults. These results suggest that both gray and white matter alterations contribute 
to bimanual declines in older adults. Based on our results, some suggestions for future 
research are addressed. 
Part 2: Age-related brain structural alterations contributing to deficits in 
task switching performance 
The second part of this thesis started with a literature overview of the previously 
published DTI studies investigating associations between brain white matter and task 
switching performance (Chapter 3). This overview was motivated by the fact that, 
although multiple studies exist that investigated relations between measures of brain 
structure and task switching performance, a comprehensive perspective was lacking. 
One concern that complicates the interpretation of these studies is that the term ‘task 
switching’ is used for many different tasks, with varying features. Another concern is 
that the specific task or outcome score being used is likely to influence the relations that 
are found with white matter connections. To overcome these concerns, we determined 
strict selection criteria such that all studies investigated the same kind of task switching. 
Next, we investigated whether outcome scores based on either reaction time or 
efficiency of performance have been associated with similar or different white matter 
connections.  
A general conclusion of this review is that white matter structural maturation 
seems to coincide with task switching performance increases, and white matter 
degeneration with performance deterioration. More specific conclusions are that (a) in 
accordance with frontal lobe activation being essential during task switching, also 
different frontal fiber connections seem to be crucial, (b) structural properties of the 
tracts connecting the basal ganglia with the frontal cortex have been related to both 
speed and efficiency of switching performance, which indicates that the selective gating 
function of the basal ganglia might rely on connections with the frontal cortex, (c) 
interhemispheric communication via the splenium of the CC seems to be mainly crucial 
for switching efficiency, whereas for switching reaction time, different parts of the CC 
seem to be important, depending on task characteristics, (d) although extensive research 
has shown that a distributed frontoparietal network is activated during task switching 
(Kim, et al., 2012), the current literature shows little evidence for a role of frontoparietal 
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fiber connections. Further, the large heterogeneity of these results indicated that the 
relations between white matter structure and task switching performance are complex. 
Accordingly, in answer to the research question ‘are specific white matter connections 
consistently reported to be related with task switching performance?’, it was concluded 
that successful task switching is likely to rely on successful information transfer via 
different white matter pathways, including mainly frontal, cortico-subcortical and 
interhemispheric connections. Further, it was concluded that research would certainly 
benefit from (a) identification of relevant covariates which could influence brain-
behavior relations, (b) improved characterization of white matter structural properties, 
and maybe most importantly, (c) training studies which enable better investigation of 
causal relations between white matter structural changes and differences in task 
switching performance. 
After this overview of the literature concerning relations between white matter 
and task switching performance, Chapter 4 focused on the structural white matter 
alterations that specifically underlie slowing of switching performance with increasing 
age. Mediation analyses were used to investigate whether alterations in RD or MTR 
explain the relation between higher age (older versus young) and slowing of switching 
performance (higher mixing cost on a local-global switching task). Results indicated 
that age-related differences in MTR of the superior corona radiata contribute to slowing 
of task switching performance observed in older adults. This is in accordance with 
findings from our literature overview in Chapter 3, which also suggested a relation 
between microstructural properties of the superior corona radiata, which contains both 
descending and ascending axons connecting the frontal cortex with subcortical regions, 
and task switching performance.  
This result nicely complements the findings from previous studies which have 
reported frontal activation differences (DiGirolamo, et al., 2001; Jimura and Braver, 
2010; Zhu, et al., 2014), and inefficient recruitment of the basal ganglia during task 
switching in older adults (Coxon, et al., 2010). That is, our findings suggest that these 
activation differences may be associated with the observed impaired cortico-subcortical 
information transfer in older adults, i.e., a structural connectivity problem. In future 
research, this hypothesis could directly be tested by combining structural and functional 
imaging in young and older adults, investigating which regions show altered activation 
patterns, and finally investigating whether these functional alterations relate to structural 
properties of the tracts connecting them (Coxon, et al., 2014). 
Interestingly, whereas the review suggested relations between task switching 
performance and structural properties of frontal association fibers and commissural 
fibers, such relations were not found in the current study. This result does not mean that 
there is no association between these connections and switching performance in older 
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adults. However, it does suggest that age-related alterations in the superior corona 
radiata may be more deterministic for the declines in performance observed in these 
older as compared with young adults.  
The take home message from the second part of this thesis is that, although task 
switching is an executive function, critically dependent on frontal lobe functioning, 
future research should not only focus on frontal contributions to task switching 
performance. Alternatively, the research literature shows that task switching relies on 
white matter pathways connecting broadly distributed regions, including frontal, 
cortico-subcortical and interhemispheric connections. These findings were 
complemented by our finding that mainly alterations in the superior corona radiata, 
possibly related to demyelination, seem to contribute to task switching performance 
declines as a result of aging. 
Methodological considerations 
Various methodological considerations have already been addressed throughout this 
thesis. However, some important items have remained untouched. Therefore we would 
like to elaborate on these below.  
A first general concern is the composition of the participant sample. In our case, 
participants were recruited by means of advertisements and active recruitment in and 
around the cities Leuven and Hasselt (Belgium), which implies that the sample was 
restricted mainly to people living in these areas. Second, for the older adults this 
sampling method may have led to a sample bias, as those that responded are likely to 
show a more than average functional independence and active participation in society. 
Additionally, because of some of our exclusion criteria (diabetes, contraindication to 
MRI, impaired hand function, and current or previous psychiatric illness, neurological 
illness, use of anti-epileptic medication, or drug or alcohol abuse), the general health of 
participants was probably above average. However, not adopting these exclusion criteria 
could introduce confounding factors, which could lead to erroneously attributing 
impaired performance to age or white matter alterations. So, even though the effect sizes 
cannot be extrapolated to the entire population, the observed effects are likely to reflect 
genuine effects of aging. 
Another general concern is that, due to the use of (practically feasible) cross-
sectional designs in all three experimental chapters from this thesis, no causal 
mechanisms could be investigated. For example, specific age groups are by definition 
born around the same birth year, and are therefore influenced by factors or elements 
connected with those specific years such as war and educational convention, which 
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could partly explain the observed differences. It should consequently be emphasized that 
the observed behavioral impairments in the older adults were associated with age-related 
differences in brain structure, but may not have been caused by age-related structural 
brain changes over time. 
Another consideration relates to the statistics used to investigate the complex 
relations between age, brain structure, and performance. The bivariate correlations 
approach used in Chapter 1 offered valid insights into the associations between inter-
individual variability in CC microstructure and bimanual performance within the group 
of older adults. However, this approach did not enable us to investigate whether 
structural changes explain the relation between higher age and lower performance. 
Therefore, we introduced mediation analyses in our subsequent studies. A mediation 
approach that has been very popular in the aging literature is a procedure suggested by 
Salthouse, et al. (2003), which involves a series of regression analyses. However, this 
approach lacks a formal test of the significance of the mediation effect. Therefore 
Preacher and Hayes (2004) have suggested an alternative approach, in which simple 
mediation models are used for direct testing of the significance of mediation effects. 
Another advantage of these simple mediation models is that they use bootstrapping to 
generate a distribution of the data. This approach circumvents power problems and is 
applicable in small samples with more confidence as compared with approaches relying 
on normal distributions. Because of these advantages, we employed the simple 
mediation models as suggested by Preacher and Hayes in the other experimental 
chapters (i.e., Chapter 2 and 4).  
Also important to note is that only MTR (and not RD) changes were found to 
mediate the relation between age and slowing of task switching performance in Chapter 
4. This could possibly be explained by the fact that, whereas MTR is thought to capture 
changes in myelination rather directly (Alexander, et al., 2011), RD shows a strong 
dependency on architectural complexity (i.e., fiber organization) within a voxel. This 
dependency of RD (and other DTI measures) on architectural complexity brings us to a 
significant limitation of the diffusion tensor model: it only models the principal diffusion 
direction, and is thus less adequate in voxels containing multiple fiber orientations 
(Jones, et al., 2013). ‘Crossing fibers’ are present in one third of the white matter voxels 
in the brain (Behrens, et al., 2007), including voxels within the tracts that were 
investigated in this chapter, such as the superior longitudinal fasciculus and the sagittal 
stratum. Of note, crossing fibers were probably less an issue in Chapter 1, where we also 
used DTI, but only investigated the midsagittal part of the CC, where a single and well-
defined orientation may be assumed. Recent methodological advances have aimed at 
better resolving the multiple fiber directions by employing acquisition protocols with a 
higher angular resolution. Examples of such methods are diffusion spectrum imaging 
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(DSI; Wedeen, et al., 2008), q-ball imaging (Tuch, 2004), and spherical deconvolution 
(Jeurissen, et al., 2011; Tournier, et al., 2008).  
Similarly, MTI entails limitations in terms of interpretation of the underlying 
structural properties, because it is also sensitive to changes in parameter values that have 
no direct connection to magnetization transfer, such as the free water relaxation rate 
(Janve, et al., 2013). Moreover, MTI shows variability across scanners and transceiver 
coils, which complicates comparisons between different studies (Berry, et al., 1999). 
These limitations are tackled by quantitative magnetization transfer (qMT) imaging 
methods that have recently been proposed to improve the sensitivity, specificity, and 
stability of MT measures as compared with MTI by using a more complete description 
of the MT effect (Alexander, et al., 2011). Alternatively, also multicomponent relaxation 
methods show great potential for indirectly imaging myelin, by using the ratio of the 
myelin water component to the overall signal (De Santis, et al., 2014; Madler, et al., 
2008).  
Although these new methods are very promising, obtaining large amounts of 
diffusion data or more myelin-specific information requires specialized scanning 
sequences and analysis pipelines, which were not available to us at the time all 
participants were scanned. Moreover, these advanced acquisition protocols do require 
long scan durations which can take anywhere from 25 minutes to up to 1 hour, which 
would not have been practically feasible, because of limited scanning time per 
participant.  
To conclude, although both DTI and MTI measures entail limitations in terms of 
interpretation of the underlying structural properties, these measures can be useful for 
the determination of relations between white matter structure and behavior, as long as 
we are aware of their limitations and consequently interpret the findings in light of other 
evidence obtained from the literature. Moreover, it will only be a matter of time before 
new developments in data acquisition and analysis will help overcome these limitations. 
Another limitation relating to the methods used to image white matter, is that 
white matter hyperintensities (regions with increased signal intensity) were not masked 
out. Although previously regarded as clinically ‘silent’, white matter hyperintensities 
are now recognized to be associated with subtle neurological symptoms (Kashluba, et 
al., 2004), and can accelerate age-related cognitive decline (Enzinger, et al., 2004; Wu, 
et al., 2010). T2-weighted imaging and fluid attenuated inversion recovery (FLAIR) 
scans can be used for the detection of white matter hyperintensities (Gunning-Dixon, et 
al., 2009), and we anticipate that further aging studies using these scans in combination 
with DTI or MTI will provide complementary information for understanding brain-
behavior relations. However, progress in the investigation of white matter 
hyperintensities would be desirable to overcome some limitations. These include 
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numerous rating scales (used for the characterization of white matter hyperintensity 
severity) that vary widely in sensitivity and reliability, and difficulties in terms of 
interpretation of the underlying causes of white matter hyperintensities. 
Also important to consider is the power of our studies. With regard to the minimal 
sample size required to detect white matter group differences, De Santis, et al. (2014) 
conducted statistical power analyses using DTI but also some more advanced methods 
(however, MTI was not investigated). The results of this study speak in favor of our DTI 
approach: conventional DTI requires smaller sample sizes as compared with the more 
advanced methods to detect group differences. Their results demonstrated that a sample 
size of about 25 participants per group provides a power of 0.9 at a relative effect size 
of 10% to detect a difference between groups in FA, and a sample size of about 10 
participants to detect a difference in RD. We exceeded these criteria abundantly, with 
33 participants per group in Chapter 1 where we used FA as measure of white matter, 
and 23 participants per group in Chapter 4, where we used RD.  
With regard to the power to detect an effect of age on subcortical global volumes, 
based on the effect sizes of Walhovd, et al. (2005), a study at the recommended level of 
0.8 power and d = 1.0 should have a sample size between 18 and 38 participants, 
depending on the structure. In Chapter 2, where we explored age-related subcortical 
volume differences, we had a sample size of 91, thus largely exceeding this guideline. 
Based on the literature, we clearly believe that our sample sizes provided adequate 
power to detect potential group differences in the experimental studies. However, due 
to the absence of exact a priori power calculations, a lack of power cannot be excluded 
as a potential factor underlying the absence of certain effects. Therefore, when 
interpreting our results, it is important to keep in mind that the failure of certain effects 
to reach significance should not necessarily be interpreted as nonexistence of such 
effects. 
Finally, we are aware that the analysis of brain structures critically depends on 
segmentation of regions of interest. In Chapters 2 and 4, we used automated 
segmentation tools for segmentation of the subcortical structures and the 8 white matter 
pathways of interest, respectively. Although manual delineation has been the golden 
standard for years, automated segmentation methods are now becoming increasingly 
popular because of their time- and cost-efficiency. Availability of these tools has 
enabled the assessment of structural changes on a whole-brain level and within large 
groups.  
Segmentation of the subcortical structures in Chapter 2 was accomplished using 
the FMRIB’s Integrated Registration Segmentation Toolkit (FSL FIRST). FSL FIRST 
accomplishes segmentation by creating a surface mesh for each structure. It therefore 
uses a Bayesian shape and appearance model to fit models of deformable meshes, 
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constructed from a training set of 336 manually labeled anatomical images from healthy 
as well as patient groups with different age ranges (Patenaude, et al., 2011). Nugent, et 
al. (2013) assessed the validity of the FSL FIRST automated segmentation by evaluating 
test-retest reliability, interscanner reliability, and comparison to manual segmentation. 
Results supported the use of FSL FIRST automated segmentation for all structures 
evaluated in the current thesis (thalamus, putamen, caudate and pallidum).  
Segmentation of the 8 white matter pathways of interest in Chapter 4 was 
accomplished using the ICBM-DTI-81 white-matter labels atlas, which is constructed 
by the International Consortium of Brain Mapping (ICBM) by hand segmentation of 
white matter on a standard-space (ICBM-152) average of probabilistic tensor maps from 
81 healthy adults, aged 18 to 59 years (Mori, et al., 2008). Using this atlas, white matter 
regions of interest are automatically parcellated by aligning the individual brain images 
to the labeled common atlas space. However, accurate alignment could be problematic, 
especially when dealing with older adults because of increased variability in brain 
morphology and age-related atrophy observed in this population (Thompson, et al., 
2000; Wu, et al., 2007). One way this issue could be circumvented would be by making 
use of population-specific templates (Samanez-Larkin and D'Esposito, 2008). However, 
to the best of our knowledge, no such white matter atlas including older adults is yet 
available. As an alternative, we excluded voxels in which diffusion did not have a strong 
principal direction by applying a threshold at the participant level (minimum FA of 0.20) 
prior to segmentation, to reduce potential contaminations by voxels containing both 
cerebrospinal fluid and tissue (partial volume effects). Additionally, irrespective of 
which method is used for segmentation, segmentations should always be checked for 
inaccuracies. In this regard, we visually inspected all segmentations for all participants 
in all chapters. As such, we believe that we ensured sufficient quality of the registrations 
and segmentations. Nevertheless, it should be kept in mind that automatic segmentations 
are imperfect. It is therefore anticipated that progress in segmentation methods will 
contribute to the determination and interpretation of age-related structural changes and 
their functional relevance. 
Conclusions  
Progress in imaging and processing techniques enabled us to expand the knowledge 
from existing literature. More specifically, with regard to bimanual coordination, it was 
found that performance deficits in older adults were related to microstructural alterations 
of specific subregional callosal fibers, and to gray matter atrophy in left and right 
thalamic subregions. Second, with regard to task switching performance, our results 
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showed that mainly alterations in the superior corona radiata, possibly related to 
demyelination, seem to contribute to age-related performance declines.  
We can conclude that both typical and non-typical ‘motor’ or ‘executive 
functioning’ related structural alterations contribute to age-related performance declines 
in bimanual coordination and in task switching behavior, respectively. In this regard, the 
picture that emerges from the literature and our studies is that not only local alterations 
play a role in age-related behavioral deficits, but also whole networks including 
subcortical structures (Chapter 2) and white matter connections (Chapters 1, 3 and 4). 
The alterations in these networks with aging are complex, including deterioration of 
structures, altered activation (such as dedifferentiation but also compensatory 
recruitment), and even potential compensatory structural changes.  
Along with these new insights, we offered various directions for future research 
from a more integrated perspective that emphasizes the structure and function of the 
network as a whole, and connectivity between network nodes in particular.  
We hope that, ultimately, our findings may serve to provide a foundation for the 
development of interventions designed to maintain functional independence during 
aging.  
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Summary 
Aging of the world population is a fact. Consequently, there is an increasing number of 
relatively healthy older adults that may need help during the execution of their daily 
tasks because of a loss of motor as well as cognitive skills. These older adults have partly 
lost their functional independence which can lead to a decreased quality of life.  
In the current thesis, it is investigated how alterations in brain structure with 
increasing age contribute to declines in specific skills. Brain structure was investigated 
using specific MRI (magnetic resonance imaging) and analysis techniques. The first part 
focuses on the relations between brain structure and performance on a motor oriented 
skill, namely bimanual coordination. The second part focuses on a cognitively oriented 
skill, namely switching between different tasks. Both skills are essential for many daily 
life activities. For example, imagine a typical morning: combing your hairs; buttoning 
your clothes; preparing your sandwiches. Besides, these bimanual skills are often 
interrupted by answering your phone or answering some questions of your relatives, 
thus requiring switching between tasks.  
The first part of this thesis comprises two experimental studies in which the 
associations between brain structure and bimanual coordination performance were 
investigated. The apparent simplicity of bimanual tasks masks their underlying 
complexity. Because of this complexity, declines in bimanual coordination are often 
observed in older adults. Accordingly, they often show slower and less accurate 
performance. During bimanual tasks, the coordination between the hands in the brain 
mainly occurs via the corpus callosum. This is a large bundle of white matter tracts that 
enables the connections between both hemispheres. In the first study, the microstructural 
organization of 7 subregions of the corpus callosum was investigated and related to 
performance on different bimanual tasks with specific task characteristics in a group of 
young and older adults. Accordingly, diffusion tensor imaging (DTI) was used to divide 
the corpus callosum into these subregions, based on connectivity with specific cortical 
regions (regions located in the brain’s outer layer). Results indicated that declines in 
microstructural organization in specific subregions of the corpus callosum were related 
to deterioration of bimanual performance on different tasks within the older adults. In a 
second study, it was investigated whether age-related atrophy in a selection of 
subcortical structures (gray matter structures located in deeper regions) also contributes 
to deterioration of bimanual performance with aging. This was achieved by collecting 
structural scans from participants between 20 and 79 years old. Results of this study 
indicated that age-related atrophy of specific thalamic subregions contributed to 
bimanual performance declines. Interestingly, these thalamic subregions subserve 
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connectivity with some key cortical regions in bimanual coordination, i.e., the premotor, 
the primary motor and the somatosensory cortical regions.  
Also task switching performance, i.e., the ability to switch between different 
tasks, has been shown to deteriorate with increasing age, thereby affecting daily 
functioning. In the second part of this thesis, the associations between white matter 
structural properties and task switching performance were investigated by means of an 
extensive literature overview and a third experimental study. To start, the associations 
between microstructural properties of different white matter connections and task 
switching performance as reported in different age and patient groups were discussed in 
the literature overview. Also the third (experimental) study was included in this 
overview. In this study, it was investigated how white matter structural alterations 
contribute to the slowing of switching performance with increasing age. In this regard, 
two white matter measures were selected that have been proposed to be related to 
myelin, which is essential for speeded information processing in the brain. The first 
measure was a radial diffusivity measure obtained using DTI, for which higher values 
could be indicative of less myelin content. The second measure was a magnetization 
transfer ratio measure obtained using MTI (magnetization transfer imaging), for which 
lower values could be indicative of less myelin content. From this study it was concluded 
that lower magnetization transfer ratio values in the superior corona radiata, a white 
matter tract that connects frontal and subcortical areas, partly explained the observed 
slowing of switching performance in older adults.  
In conclusion, in this thesis it was investigated how alterations in brain structure 
contribute to deterioration of performance with increasing age. It was found that both 
microstructural changes in the corpus callosum (white matter) and local atrophy in 
subcortical regions (gray matter) are related to deterioration of bimanual performance 
in older adults. Additionally, it was found that mainly structural alterations in a specific 
white matter tract, i.e., the superior corona radiata, seem to contribute to slowing of task 
switching performance in older adults. We express our hope that this thesis will 
contribute to a greater understanding of the aging process, with the ultimate aim of 
promoting prolonged independent functioning of older adults. 
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Samenvatting 
Vergrijzing van de wereldpopulatie is een feit. Bijgevolg is er een toenemend aantal 
relatief gezonde ouderen die door een verlies aan zowel motorische als cognitieve 
vaardigheden soms hulp nodig hebben bij het uitvoeren van hun dagelijkse activiteiten. 
Deze ouderen hebben hun functionele onafhankelijkheid deels verloren wat kan leiden 
tot een verlies aan levenskwaliteit.  
In deze thesis wordt nagegaan hoe leeftijdsgerelateerde veranderingen in de 
hersenstructuur bijdragen tot prestatieverlies op specifieke taken. Hersenstructuur werd 
onderzocht door middel van recente MRI (magnetische resonantie beeldvorming) en 
analysetechnieken. In het eerste deel ligt de focus op de relaties tussen hersenstructuur 
en een motorisch gerichte vaardigheid, namelijk bimanuele coördinatie. In het tweede 
deel ligt de focus op een cognitief gerichte vaardigheid, namelijk het switchen tussen 
verschillende taken. Beide vaardigheden zijn onmisbaar in het dagelijks leven. Beeld je 
maar eens een typische ochtend in: haren kammen; knopen dichtdoen; boterhammen 
smeren. Deze bimanuele activiteiten worden dan ook nog dikwijls onderbroken door het 
opnemen van je telefoon of het beantwoorden van de vragen van je partner, waarbij je 
dus overschakelt (switcht) van de ene naar de andere taak. 
In het eerste deel van deze thesis werden, door middel van twee experimentele 
studies, de associaties tussen hersenstructuur en prestatie op bimanuele coördinatie 
taken onderzocht. De ogenschijnlijke eenvoud van bimanuele taken maskeert de 
onderliggende complexiteit. Als gevolg van deze complexiteit worden er bij ouderen 
dikwijls moeilijkheden met bimanuele coördinatie vastgesteld. Zo wordt de uitvoering 
van deze coördinatietaken in het algemeen trager en minder accuraat. Tijdens het 
uitvoeren van deze taken wordt het afstemmen van de bewegingen tussen de linker- en 
rechterhand in de hersenen grotendeels gerealiseerd via het corpus callosum (ook wel 
hersenbalk genoemd). Dit is een grote bundel van witte stofbanen die de verbinding 
tussen beide hersenhelften verzorgt. In de eerste studie werd de microstructurele 
organisatie van 7 subdelen van het corpus callosum onderzocht en gerelateerd aan de 
prestatie op verschillende bimanuele taken met specifieke taakkarakteristieken in een 
groep jongeren en ouderen. De beeldvormingstechniek DTI (diffusion tensor imaging) 
werd gebruikt voor deze opsplitsing van het corpus callosum op basis van connectiviteit 
met specifieke corticale gebieden (gebieden in de hersenschors). Hierbij bleek dat een 
verminderde microstructurele organisatie in specifieke subdelen van het corpus 
callosum bij ouderen gerelateerd was aan prestatieverlies op verschillende bimanuele 
taken. In de tweede studie werd onderzocht of leeftijdsgerelateerde afname in volume 
(atrofie) in enkele geselecteerde subcorticale structuren (dieper gelegen grijze stof) ook 
een rol speelt in de afname van bimanuele prestaties bij het ouder worden. Hiervoor 
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werden structurele scans afgenomen bij proefpersonen tussen 20 en 79 jaar. De 
resultaten van deze studie toonden aan dat leeftijdsgerelateerde atrofie in specifieke 
subdelen van de thalamus bijdraagt tot bimanueel prestatieverlies. Opvallend is dat deze 
subdelen van de thalamus de verbinding verzorgen met enkele corticale gebieden die 
cruciaal zijn voor bimanuele coördinatie, namelijk de premotorische, de primair 
motorische en de somatosensorische regio’s.  
Ook bij het switchen tussen verschillende taken worden dikwijls moeilijkheden 
vastgesteld bij ouderen, met grote gevolgen voor het dagelijks functioneren. In het 
tweede deel van deze thesis werden de associaties tussen de structuur van witte 
stofbanen en het vermogen om te kunnen switchen verder uitgediept door middel van 
een uitgebreide literatuurstudie en een derde experimentele studie. In eerste instantie 
werden in een literatuurstudie de associaties tussen microstructurele karakteristieken 
van witte stofbanen en de prestatie op switchtaken in verschillende leeftijds- en 
patiëntengroepen besproken. Ook de derde (experimentele) studie werd hier in 
opgenomen. In deze studie werd nagegaan hoe leeftijdsgerelateerde veranderingen in 
witte stofstructuur bijdragen tot vertraagd switchen tussen taken. Hierbij werd er naar 
twee witte stofmaten gekeken die gerelateerd zouden zijn aan myeline, een bouwstof in 
het brein die cruciaal is voor snelle overdracht van informatie. Enerzijds betrof dit een 
radiale diffusiemaat bekomen door middel van DTI, waarbij een hogere maat zou 
kunnen duiden op verminderde myeline. Anderzijds werd er gebruik gemaakt van een 
maat voor magnetisatie overdracht (magnetization transfer), bekomen door middel van 
MTI (magnetization transfer imaging), waarbij een lagere maat zou kunnen duiden op 
verminderde myeline. Uit deze studie bleek dat lagere magnetization transfer ratio 
waarden in de superior corona radiata, een witte stofbaan die zorgt voor de verbinding 
tussen frontale en subcorticale gebieden, deels de vertraging van het switchgedrag bij 
ouderen kon verklaren.  
Samengevat werd in deze thesis onderzocht hoe veranderingen in de 
hersenstructuur bijdragen tot een prestatieverlies bij het ouder worden. Enerzijds werd 
aangetoond dat zowel microstructurele veranderingen in het corpus callosum (witte stof) 
alsook lokale atrofie in subcorticale gebieden (grijze stof) gerelateerd zijn aan bimanueel 
prestatieverlies bij ouderen. Anderzijds bleken vooral structurele veranderingen in een 
specifieke witte stofbaan, namelijk de superior corona radiata, bij te dragen tot een trager 
switchgedrag bij ouderen. We hopen dat deze thesis bijdraagt tot een beter begrijpen 
van het verouderingsproces, met als ultiem doel het promoten van een langer 
onafhankelijk functioneren van ouderen. 
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Bijstellingen (appositions) 
Om het risico op zware verwondingen van fietsers in het verkeer te beperken, is het 
effectiever om het fietsen te promoten dan het dragen van een helm te verplichten.  
 
Er is meer onderzoek nodig bij ouderen naar de mogelijke transfer van cognitieve 
vaardigheden verworven door het gebruik van hersentrainingapps naar vaardigheden die 
nuttig zijn in het dagelijks leven. 
 
Muzikale training tijdens de kinderjaren of volwassenheid is geassocieerd met betere 
cognitieve prestaties bij ouderen, ongeacht of ze nog steeds muziek spelen of niet. 
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Dankwoord (acknowledgments) 
Naar goede traditie wordt zelfs de meest ernstige doctoraatsthesis afgesloten met een in 
afgewogen mate ludiek dankwoord voor iedereen die eraan meegewerkt heeft of die met 
raad of daad de nodige steun gegeven heeft om de opdracht tot een goed einde te 
brengen. Maar zitten de wortels van een doctoraat niet veel dieper?   
Het begon immers reeds in de lagere school. Omdat ik daar al eens kattenkwaad 
uithaalde, vroegen mijn ouders aan meester Willy, mijn toenmalige onderwijzer: ‘komt 
het wel goed met Leen?!’. Meester Willy, die steevast in mij geloofde, bouwde toen al 
de grondvesten van mijn doctoraat door mijn interesse in wetenschap op te wekken. 
Nadien, in de middelbare school, alhoewel ik nog steeds zeer geïnteresseerd was 
in wetenschappen, nam mijn interesse in ‘cool’ zijn even de overhand. Met als gevolg 
dat mijn ouders zich opnieuw afvroegen: ‘komt het wel goed met Leen?!’.  
En eigenlijk is het pas beginnen goed komen, toen ik tijdens mijn jaar als 
uitwisselingsstudente in Amerika in de lessen ‘Sports Medicine’ ontdekte wat ik graag 
wou studeren: ik zou mijn twee grote interesses, sport en wetenschap, combineren. 
En dus, eenmaal terug in België schreef ik me in voor de opleiding lichamelijke 
opvoeding en bewegingswetenschappen. Het werden uiteindelijk 4 fantastische jaren. 
Toen nadien bleek dat Stephan Swinnen, mijn huidige promotor, me de kans wou geven 
om er een doctoraat te maken kon mijn geluk niet op. Doen wat je graag doet, waar je 
graag bent en er ook nog eens voor betaald worden, iedereen zou er voor tekenen, denk 
ik dan.  
Natuurlijk is niet alles vlekkeloos verlopen. Dit dankwoord is dan ook niet alleen 
bedoeld voor iedereen die mijn hoogtepunten heeft mogelijk gemaakt, maar ook voor 
elkeen die me heeft geholpen om door te zetten tijdens mijn periodes van ‘komt dit wel 
in orde?’.   
In de eerste plaats richt ik mij tot mijn promotor. Stephan, bedankt om mij, bij 
wijze van een pilootstudie, als eerste ‘sportkotter’ (denk ik toch) een kans te geven om 
een doctoraat bij jou te maken. Ik vind het geweldig dat je probeert aan te voelen hoe al 
je medewerkers zich het best kunnen ontplooien en hoe je daarmee rekening houdt in je 
managementstijl. Bovendien verbaas je me elke keer weer met je kennis, ook al heb je, 
naar eigen zeggen, ‘al jaren de tijd niet meer om de literatuur bij te houden’. Peter (mijn 
copromotor), jij sprong wat later mee op de trein en ik was super gelukkig dat ik iemand 
had om me iedere keer weer de juiste richting te wijzen! 
Ook de voorzitter en de leden van de jury wil ik graag bedanken. De onzekerheid 
die ik dikwijls voelde bij het verwerken van hun feedback, maakte uiteindelijk steevast 
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plaats voor grote dank omdat ik hierdoor telkens mijn thesis naar een hoger niveau kon 
tillen.  
Tevens aan alle proefpersonen, van jong tot oud : bedankt, want zonder jullie was 
dit doctoraat uiteraard niet mogelijk geweest! 
Dan volgen mijn (ex-) bureaugenootjes. Bijna van begin af aan is ‘den 1.52’ een 
echte ‘vrouwenbureau’ geweest en daar heb ik heel veel van genoten. Niet alleen wisten 
jullie mij m.b.t. mijn doctoraat telkens opnieuw te motiveren en te inspireren, ook op 
persoonlijk vlak heb ik enorm veel aan jullie gehad. Ik zou niet dezelfde persoon zijn 
zonder jullie lessen droge humor (Annouchka), assertiviteit (Sharissa), stijl (Lisa), 
levenswijsheid (Kathleen) en jeugdig enthousiasme (Lize). Ook zou ik de laatste 
maanden zonder jullie dagelijkse ‘soepservice’ dikwijls honger gehad hebben, dus 
bedankt om dat te voorkomen! Tenslotte wil ik me ook excuseren voor de afleiding waar 
ik soms voor gezorgd heb… Van allerlei zwangerschapskwaaltjes tot en met de 
perikelen die typisch gepaard gaan met de laatste loodjes van een doctoraat. Om het in 
Lisa haar woorden te zeggen: ‘ik denk dat we allemaal heel blij zullen zijn als Leen haar 
doctoraat achter de rug is’.  
Vervolgens zou ik ook graag aan alle andere (ex-) collega’s laten weten hoe blij 
ik met ze ben! Ik heb de plaats niet om iedereen apart te bedanken, maar ik denk dat 
jullie wel weten hoe hard ik jullie allen apprecieer. Het soort job dat je doet kan je 
kiezen, maar je collega’s niet. Ik heb reusachtig veel geluk met jullie of om het met de 
woorden van Guido Pallemans te zeggen: ‘ik ben blij dat jullie in mijn team zitten’! 
Een woord van dank moet ook uitgesproken worden voor mijn vrienden. Bedankt 
om regelmatig eens te polsen ‘of ik nu al iets interessants’ gevonden had. Bedankt om 
de ‘play hard’ die onmisbaar is bij de ‘work hard’ mogelijk te maken, dankzij onder 
andere: al sinds het middelbaar erin te geloven ‘dat het wel in orde zal komen met mij’ 
(Lina); de fantastische sportkotmomenten (dames B); de vele voetbalnederlagen 
gevolgd door het begin van een ongetwijfeld schitterende tenniscarrière (DVK 
vriendinnen); de weekendjes en oudejaarsavonden (L.O.’ers); de avant- of 
aprèsoudejaarsavonden (burgies); de Thursday dinners (Leuvengang); ons 
trommelgeroffel (de Madammen); de vrouwenpraat (BMW’ers); etc.  
En dan zij die al wat langer in dit verhaal aanwezig zijn, mijn familie! Ik ga 
beginnen met mijn schoonfamilie. Wat ik nog niet wist toen ik een relatie met Jeroen 
begon was dat, als je iets met hem begint, je heel zijn familie erbij krijgt. En ook al moet 
ik toegeven dat dit even wennen was, ondertussen zou ik het absoluut niet meer anders 
willen! Nog steeds verbaast het mij meer dan regelmatig wat jullie allemaal voor elkaar 
en voor mij doen. Had ik het vooraf geweten, dan had ik Jeroen waarschijnlijk iets 
minder lang in spanning doen wachten op mijn ‘ja, ik vind je ook leuk’! 
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Vervolgens is mijn eigen familie aan de beurt, de ‘Serbruynskes’. Ik ben de 
jongste van vier meisjes of om het met de woorden van mijn zussen te zeggen, ‘het klein 
grut’. Uit onderzoek blijkt dat gezinnen met twee dochters het gelukkigst zijn en dat een 
gezin met vier dochters het slechtste scenario betekent. Eventjes leek dit ook bij ons te 
kloppen: vroeger vlogen wij, zusjes, elkaar namelijk meer dan regelmatig letterlijk of 
figuurlijk in de haren. Maar zoals ze zeggen, wijsheid komt met de jaren en ondertussen 
vind ik het fantastisch om drie oudere zussen te hebben! Een extra woord van dank gaat 
uit naar mijn zus An voor het mee bedenken en uitvoeren van de lay-out van dit boekje. 
En zo komen we bij degenen die zo zot zijn geweest om vier kinderen te maken: 
mijn ouders. Mama, ik begrijp dikwijls niet hoe je zo onuitputbaar in de weer blijft voor 
iedereen: niet alleen voor ons, je kinderen, maar ook voor Mams, voor de kleinkinderen, 
etc. En dan papa, die er niet teveel woorden aan vuilmaakt, maar waarvan ik wel weet 
dat hij altijd voor mij klaarstaat. Bedankt voor alles, en vooral bedankt om er altijd in te 
blijven geloven dat het ‘uiteindelijk toch wel goed zal komen met Leen!’. 
Ten slotte Eline en Jeroen... Eline, mama worden ‘het doet iets met ne mens’ 
zeggen ze, en ze hebben gelijk. Telkens ik aan je denk, moet ik spontaan glimlachen. 
Het is, zeker in de laatste maanden, niet altijd evident geweest om het werken aan dit 
doctoraat te combineren met mama zijn. Anderzijds, waren de ‘quality time’ momenten 
met jou tussen het werken door wel de ideale manier om mijn batterijen terug op te 
laden! Jeroen... In de periodes van dit doctoraat waarin ik zelf dacht ‘komt het wel goed’, 
stond jij altijd voor mij klaar. Ik kan bij momenten nog steeds niet geloven dat ik zo ‘ne 
fantastische vent’ heb kunnen strikken. Sinds de geboorte van Eline heb ik je ook in een 
andere rol leren kennen, namelijk als papa. Weet dat ik sindsdien, telkens ik je met haar 
bezig zie, nog een klein beetje meer verliefd op je word… 
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